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Sir: 

I, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et aL 9 Biotechnology 10:413^17 (1992) (Exhibit B); Livak et al, PCR 
Methods AppL 4:357-362 (1995) (Exhibit C> and Heid et al, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al, Proc. 
Natl. Acad Sci. USA 95(25):14717-14722 (1998) (Exhibit E); Pitti et al, Nature 
396(67 12);699-703 (1998) (Exhibit F) and Bieche et al. Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PGR technique is 



useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown * 



diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. ' 

8. * I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 



technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 



pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
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PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 - 1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

'The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 



. Imperial Cancer Research Fund Postdoctoral Fellowship 
Medical Research Council Studentship 
NSERC Undergraduate Summer Research Award 
Society of Chemical Industry Merit Award (Hohs. Biochem.) 
Dr. Harry Lyman Hooker Scholarship 
J.L.W. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



1983 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 



Audrey D. Goddard, Ph.D page 4 of 9 



PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept 24, 2002. 

Goddard A, Godowski PJ and Gurney AL NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood WL WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

* * 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351 . Date of Patent: 
Feb. 19,2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q f Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J f Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX t Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-1 42. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wi, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (20d0) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proa Natl. Acad. ScL USA 97: 
8950-8954. 

4 

Guo S, Yamaguchi Y, Schilbach S, Wada t.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, AL. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. < , 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1 999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 21 5-21 8. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P. Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski P J, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitt! RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM. Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2UTRAIL 
contains a truncated death domain. Current Biology. 7(1 2): 1 003-1 006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M. Baldwin D. Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptpsis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 

Stone DM, Hynes M, Armanini M, Swanson TA. Gu Q, Johnson RL. Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB. Williamson K. Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interaCting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1 659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinolog y of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp.1 87-21 5. 

Treanor JJS, Goodman L, de Sauvage F. Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-71 13. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981. 

Bennett BD, Zeigler FC, Gu Q, Fendly B. Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ. Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6: 732-737. 
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Goddard AD, Covello R, Luoh SM, Ctackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1 994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 1 0720-1 0728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Sr. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire J A, Becker A, Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet Cell. Genet 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J apd Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254:1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihlajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet Cell. Genet 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991) 
Construction and regional localization of a Notl linking library from human chromosome 17q. 
Genomics 10: 477-480. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlajaniemi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet. 46: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP, Dunn JM, Phillips RA, Goddard AD, Paton KE. Becker A and Gallie BL. (1989) 
Germline, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: 312-314. 

Gallie BL, Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Biology of The Eye: Genes. Vision and 
Ocular Disease . UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific I>NA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of e thidium bromide 
(EtBr) to a PGR- Since the fluorescence of 
EtBr increases in the presence of double- 
stranded (d*) DNA an incirease in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally* In fact, amplification can 
be continuously monitored in order to 
follow its progress. Hie ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 



Although the potential benefits of PCR 1 to clio- 
kal diagnostics arc wen known 2 ' 9 , it is sull not 
widely used in this setting, even though it is 
font- year* cine© thormoi**bl* P^A poty™ 1 * 1 "* 

ase$* made PCR practical Some of the reasons for its slow 
acceptance are high cost, tack of automation of pre-* and 
post-PCR processing steps, and fake positive results, from 
carryovcT-contamination, The first two points »rc related 
in that labor is the largest contributor to cost at the present 
stage of PCR development. Most current assays require 
some form of "downstream' 1 processing once tbermocy* 
ding is done in order in determine whether the target 
DNA sequence was- present and has amplified. These 
include DNA hybridiwdon** gel efcetrophoresis with or 
without use of restriction digestion 7 :*, HPLC", or capillary 
electrophoresis 10 . These methods are labor-intense, have, 
low throughput, and arc difficult to automate- The third 
point is abo closely related to downstream processing. 
The handling of the FCfc product in these dowrotrcam 
processes increases the chances that amplified DNA will 
spread through the typing lab, resulung in a risk of 



"carryover" false positives in subsequent testing". 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays m whkh such different processes take 
place without. the need to separate reaction components 
have been termed ^homogeneous* 1 . No truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported.- Chefaab, et 
al.™ developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Alldc-fipecific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a downstream process in order to visualize the 
result Recently, Holland, et al> 15 , developed an assay in 
•which the endogenous 5' exooudeas* assay of Tarf DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. Hie probe would only dcave if FCR amplifi- 
cation had produced its complementary sequence. In 
order to detect the dcavage products, however, a subse- 
quent process w again needed. . 

We have developed a truly homogeneous assay for PCR 
and PGR product detection based upon the greariy in- 
creased fluorescence that ethidrum bromide and other 
DNA binding dyes exhibit when they are bound tevds- 
DSA x4 ~ 19 . As outlined in Figure 1, a piototypk PCR 
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RQintE 1 -Principle of simultaneous amplification and delta ton of 
PCR product: The component* of a PGR coatartning Et3r chat are 
fluorescent are listed— RBrttself, EtBr bound toother csDNA or 
daDN A. There it a large Qubrescence enhancement when EtBr is 
bound to DNA and hmding ia greatly enhanced when DNA .is 
doublc-ttTTmdcd. After snmckmt (n) cycles of PGR, the .net 
increase m usfJNA results in additional EtBr binding, and a net 
increase in total fluorcscemn 
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IWW % Gel electrophoresis of PGR ana plifi cation products of the 
human, mtdcar gene, HLA DQti, made in the presence of 
increasing amounts of EtBr (up to 8 M-gftnl). The presence of 
EtRr lias no obvious effect on the ykld or specificity of amplifi- 
cation. 
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RGQIS ) (A) fluorescence measurement* from PCRs that contain 
0.5 y$fn& EtBr and that are specific for Y-chrotno$oroe repeat 
seojuence*. Frvc replicate PCRs were begun containing each of tlx: 
DNAs specified. At each indicated cyde, one of the five replicate 
PCRs for each JDNA -was removed from thcrmocydmg and Hs 
fluorescence measured. Units of fluorescence are arbitrary. (B) 
UV photography of PGR tunes (0,5 ml Eppcndnrf-stylc, jwiypro* 
pykne mtoxxenirifurc tubes) containing reactions, those start* 
ing from Z ng male DNA and control reactions without Any DNA, 
from (A), 



begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase; An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 1T to 
micrograms per ?CR^, If EtBr is present, the reagents 
that will fluoresce! in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doubJc-hctu). After the first denaturation cyde, target 
DNA will be largely single-stranded, After a PGR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PGR product itself) of up to 
several onerpgrams- Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDN A 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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before and after, or even continuously during, thermocy- 
ding. 

RESULTS 

PGR in the presence of EtBr. In order to assess the 
affect of EtBr in PGR, amplifications Of the human HLA 
DQct gene* 9 were performed with the dye present at 
concentrations from 0,06 to 8.0 ligfrnl (a typical concen- 
tration of EtBr used in staining of nucfek acids following 
gel electrophoresis is 0 J$ u^g/mf). As shown in Figure 2/ gel 
electronhorcsis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat, 
ing that EtBr does not inhibit PGR, 

Detection of human Y-chromosoms specific se* 
essences. SequerK^pecific, fluorescence enhancement of 
EtBr as a result of PGR was demonstrated m a scries of 
amplification containing 0,5 n.g/ml EtBr and primen 
specific to repeat DNA sequences found on the human 
Y-chromosomc 20 . These PCRs initially contained either 
60 ng male, 60 ng female, 2 ng juak human or no DNA. 
Five replicate PCRs were begun for each DNA* After Q, 
17, 21, 24 and 29 cycles of thermocyding, a PGR for each 
DNA was removed from the tiiermocyder, and its fluo- 
rescence measured in a spectrofluorottteter and plotted 
vs. amplification cyde number (Fig. 3 A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number: 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained cither no 
DNA or human female DNA. The more male DNA 
present to begin whh— 60 ng versus 2 ng— the fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electrophoresis on the products of these 
amplifications showed that DNA fragments of the ex- 
pected she were made in the male DNA containing 
reactions and that little DN A synthesis took place in the 
control samples. 

In addition, the increase in. fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
transilhirninatox and photographing them through a red* 
filter. This is shown in figure SB lor the reactions thai 
began whh 2 ng male DNA and those with no DNA- 

Detection of specific allele* of the human p-globm 
gene. In order to demonstrate that this approach has 
adequate specificity to allow generic screening, a detection 
of the sidac-edl anemia mutation was performed figure 
4 shows the fluorescence from completed amplification 

containing EtBr (0.5 as detected by photography 

of the reaction tubes on a UV ttansillominator. These 
reactions were performed using- primer* specific for ci- 
ther the. wild-type or skkle-oeil mutation of the human 
^globin gene* \ The specificity for each aBcIc is imparted 
by placing the sickle-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing tempera aire, primer extension — and thus an> 
plification--can take place only if the S' nucleotide of the 
primer is complementary to the p-globin aBcks present* . 

Each pair of ampOficauons shown in Figure 4 consists of 
a reaction with etcher the wild-type allele specific (left 
tube) or skkle-allde specific (right tube) primers. Three 
different DN As were typed: DNA from a homozygous, 
wfld-typc p-giobin individual (AA); from a heterozygous 
sickle p~gk>bin individual (AS); and from a homozygous 
sickle p-giobm individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was jmalyzcd m triplicate (3 pairs 
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c f reactions each). The DNA type vas reflected in the 
Jjative fluorescence intensities in each pair of completed 
fltn plificatk>ii6. There was a significant increase in fluores- 
^oc only where a p-globin aDele DNA matched the 
primer set. When measured on a spcctrofiocrometcr 
Mata i* ot shown), this fluorescence was about three times 
[jttt present in a PGR where both p-gfobm allcics were 
^'xjiitiatchcd to the primer set* Gel efcea^phoresis (not 
jhc-wn) established that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for p-globin. There was 
Jitdc synthesis of dsDNA in reactions in. which the aiiele- 
jjpedrk primer was mismatched to both alleles. 

Goorimiops ro<wwtorb»g of si PCR. Using a fiber optic 
device? it is possible to direct excitation illumination from 
j, ^pecuofluorometer to a PGR undergoing thermocyding 
and to rettrrn its fluorescence to the xpearofluoronoetCT. 
lie fluorescence readout of such an arrangement, di- 
rected at an EtBr-containing amplification of Y-chromo* 
some spoci&c sequences from 25 ng of human male DNA> 
is shown in Figure 5. The readout from a control PCR 
whit no target DNA is also shown. Thirty cycles of PGR 
were monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the thermocyding. Fluorescence inten- 
sity rises and. fails mvcrsely with temperature The fluo- 
rescence intensity is minimum at the denaturadon tem- 
perature (94°C) and nowurimurn at the anneaUng/extension 
temperature (SOX). In the negative-control FCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbesroocyete, indicating that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there b little if any bleaching of EtBr during 
the continuous illumination of the sample. 

In the PGR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds" of thermocyding, and 
continue to increase whh time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denaturatioo temperature, do not 
aignificantly increase, presumably because at this temper- 
ature there is no d&DNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the fluores- 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence-Apedflc probe can enhance die specificity of DNA 
dcceuuuu by PGR, The cHmiootkin of thcac processes 
means that' the specificity of this homogeneous assay 
depends solely on that of PCtL In the case of sickle-cell 
disease, wc have shown that PGR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, there is litdc non* 
specific production of dsDNA in the absence of the 
appropriate target alkie. 

The specificity required to detect pathogens can be 
more or less than mat recurred' to do genetic screening, 
depending on the number of pathogens in the samnle and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
af a viraJ genome that can be at the level of a few copies 
per thousands of host cells*. Comnared with genetic 
screening, which is performed on ceils containing at least 
one copy of the target sequence* HIV [detection requires 
both more specrfidty and the input of mote total 
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RSWt 4 UV photogrApby of PCR tulx% contain^ ainounc^iu 
using EtBr thst are spedfec to wild-type (A) or sicjk (5) aftdw of 
the humnn ^-globin gene. The kfiwea<* pair ct tubes eontains 
aSele-spedfit printers to the wild-type alleles, the righi tube 
primers to the sicWe attek- The photograph was tafcen alter SO 
cycles of PGR, and the input DNAs ana the alkks ihev cootaio 
are indicated- Fifty tag of DNA was used to bean PGR. Typing 
was done in triplicate (3 pairs of PC&O for each input DNA: 




O 
C 

e> 
o 
to 

£ 
o 



25 a C 



20 ng of male DNA 



94 9 C 



no DNA control 





2000 



1 = -i r 

4000 6000 8000 
time (9ec) 

HGtnt S Continuous, real-tune monitoring of a PGR. A fiber optic 
was twed to carry excitation fight to a R/'R "m progress and also 
emHW light back to a ftuoromctcr (see Exoentncntal Protocol). 
Amptificatioa using buoian snalo-DNA specific primcn in a TOR 
StarUug with 20 ng of human male DNA (too), or in a control 
PCR without DNA (bottom), were focothoTcd. Thirty cydes of 
ICR were followed for each. The temperature Cycled between 
94*C (deiunvratKm) and 50*0 (anucaliog and extension). Note in 
the male DNA PCR,.the cyde (tunc) dependent increase in 
fluorescence at the aorieaHn^extenstim temperature. 
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DN A— lip to microgram amounts-— ia order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DMA m an amplication sig&i&caody increases 
the background fluorescence over which any additional 
fluorescence produced by PGR must be detected. An 
additional complication that occurs with targets in low 
copy-number b the formation of the *^rimer^imer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification^ and can compete with 
true PCR targets if those targets are rare. The primfer- 
dimer product « of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase PCR specificity and reduce the effect of 
primer-dimcr amplification* we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a single tube 8 , and the 
^hot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 23 . Piefeinary resuks using these ap- 
proaches suggest that -primcrHJuneT is effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* ceils. With larger numbers of ccfls, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence -specific DNA-binding dyes 
that can be made topxcfcrenDaUy bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' ^add-on" to , 
the oUgonvcleoddc primer* 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
ihermocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is alrcadypossiblc with existing instru- 
mentation in 96-well format**. In this format, the fluores- 
cence in each PCR can be cjuantitated before, after, and 
even at selected points during therraocycung by moving 
the rack of PCRs to a 96^microwcU plate fluorescence 
reader 46 . 

Hie instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberopdes transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during PCR a fluorescence increa.se is detected. Prelimi- 
nary experiments <Higuchi and Dollinger, manuscript in 
preparation) with continuous monhoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Convener*, if the number of target molecules is 
Vnown — as" it can be in genetic screening--^ontinuous 
monitoring may provide a means of detecting false posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts* False negative 
resuks due to, for example,. inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles—many more than arc necessary to detect a true 



positive. If a sample fails to have a fluorescence increase 
after this many cycles, infraction may be suspected. Since, 
tn this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event before any test based on this 
principle is ready for the dink, an assessment of ttt false 
positive/false negadve rates will need to be obtained using 
a large number of known samples. 

In summary, the inclusion ba PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples- 



STTAL PROTOCOL 
Human HLA-DQa gene *mpU£cati<K*3 containing EtBr. 

PCRs were set up in 100 volumes containing 10 raM Tri^HCL 
pH 8.3; 50 mM KC1; 4 raM MgC^: units of Taa DNA 
polymerase (F^kii*E)mcr Genu. Norwalk, CT); 20 Mriolc each 
of human HlA-DQ* ' gene specific oligonucleouoe primers 
GH26 and CH27 19 and appropriately 10* copies of DQto PGR 

Fxiuct diluted from a previous reaction. pWium bromide 
hn Sigttm) was used at the concenuauons .indicated in Figure 
Th<xmocyding proceeded for 20 cycles in a model 480 
UKrmocydcr (PerktvEJroer Cetua, Norwatk, CT) using a "stcp- 
cydc" program of 94*C for 1 min- dcuaturauon and GOT. for 30 



sec annealng and 72°C for 30 sec. extension, 

Y-chrontomnc specific PCR* PCRs (100 ul total reaction 
volume) ctotamingOii Kg/ml EtBr were prepared as described 
for HLA-DQct, except with different primers and target DNA*. 
These PCRs COnUtiftcd 1 5 pmofc each male DN A-*pccuk primer* 
YD and Y*1.2*°, and cither 60 ng male, €0 off female, 2 ng rnak. 
or no human DNA. Thermocyding wa* MXJTor I min- and 60*C 
for 1 min using a "step-cycle* program. The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment is described below. 

Allck -specific, human p-gtofrin grot JPCJL Ampuncauons of 
100 sU volume using 0 5 ug/ml of -EtBr were prepared as 
described for HL/UDQ* above except with diScroU primer* and 
target DNAs. These PCRs contained either, primer pair HGPJ/ 
H0 HA <wftj-*me gobin speciac primers) or HGP2/H |H4S (sjde- 
Ic-giobin specific primers) at 10 pmoJe each pruncr per FCR. 
These primers were developed by Wu ct aL zl . Three different 
tacgei DNAs were used m separate amplifications— 50 ng each of 
human DNA that was homozygous for the sfcMe trait ($S). DMA 
that was hetcrarjrous for the sickle trak (AS), or DNA that was 
homozygous for the w.l- globin (AA). Thcrmocycmig was for 30 
cycles at for 1 nun. and 55*Cfor 1 min. using n "sujpc^ 
program. An annealing temperature of 55X had been shown by 
Wu et at 21 to provide aildc*pcrinc amplifccaUon, Completed 
PCRs were pnotngraphed through a red filter <Wratien 23A) 
after placing the reaction tubes »iop a model TM-36 transIHutni- 
nator (UV-productS San- Gabriel, CA). 

Fhioresecnce measurement. Fluorescence Tncasureraen w were 
made on PCRs containing EtBr in a Fluorotog-2 OuoromCter 
(SPKX, Edison, NJ>- Excitation was at the 500 nm band with 
about 2 ntn bandwidth with a GG 435 nm cutoff filter jMcfles 
Crist. Inc., Irvine. CA) to exdude second-order light, Emrtted 
b'ght was detected at 570 nm with a band width of about 7 nm- An 
OG 530 nm cut-off Biter Was used to remove the excitation hp\l 
Continue** mmmcence monitoring of FCR, Conrmt^ous 
monitoring of a PCR in progress was accomplished using the 
spectrofluorometcr and settings described above as WCU as a 
fibcropac accessory (5FJ&X cat no. 1950) to both send excttajjon 
ftght to, and receive emitted light from, a PCR placed m a well cfl 
a model 480 th^mocydcr (Ftrkm-Eimcr Cetus). The probe end 
of the fiberoptic cable was attached with "5 rninute-cpoxy" to vfc 
open top of a PCK tube (a 0^5 ml polvpropyienc centrifuge tube 
with its cap removed) efiectwely scaling it- The exposed top OJ 
the PGR tube and the end of the fiberoptic cable were shielded 
from room light and the room lights were kept dimmed during 
• each run. The moniiored FCR was an amplification of V-cbio- 
rnosome^pedfic repeat sequences as described above. c*ccpt 
using* an anncahng^extension tempera uirc of 50°C. Thereacoon 
was covered wnh mineral oil (2 drops) to prevent evaporation- 
ThcjiijcK^diriy and fluorescence measurement were stafiea si- 
multaneously, A time-base scan with a 10 second mtegrauoo tone 




PAGE 5/6 * RCVD AT 7/19/2004 3:10:03 PM [Pacific Daylight Time] * SVR:SVCS01/0 * DNIS:6638 * CSID:650 952 9881 * DURATION (mm-ss):0446 



*, 
.ce 
ay 
ib 
be 

lo- 

i 

U 

de 
his 

JR 
of 



Br. 

% 

NA 
ach 
tct*s 
CR 
♦Klc 
UtT 
480 
;cr> 



bed 

IAs. 

)CtT 

ale, 

fox 
*rc- 

*of 

and 

wcls- 
CR. 
rent 
hof 
IN A 
was 
r<H) 

ii by 
cicd 
J3A) 
jmi- 

*CICT 

with 

ittcd 
, Ati 
jgbt, 

UOUS 

; tl>c 
as a 

UJOO 
■ end 

Mfcc 
tube 
>t> of 
*fcd 

Jito- 
<ccpt 

crfoo 

uion. 

kJ 

time 



EGAL 650 95E 9881 




246638 



P:6'6 




K .t5 UFfid and the emtarfoa signal was ratioed to the excitation 
jngrtitl to control foe chsmfte* «i ii^ht-iwircc tntenxity. Data were 



IccLcd cuing the dntfOQOf, version £.5 (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD -1 4 EUSA 



Trauma, Shock and Seps 




The CD- 14 molecule ia expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD -14 is a receptor for lipopolysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concentration of Its soluble form is altered under 
certain pathological conditions. There is evidence for 
an Important rtrfe of sCD-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-culture 

supematants and other biological fluids. 

Assay features: 12x8 determinations 

(microliter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/rnl 
detection limit: 1 ng/ml 

CV: intra- and interassay < 8% 



For more information call or fax 
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SIMULTANEOUS AMPLIFICATION AND DETECTION ( 
SPECIFIC DNA SEQUENCES 

Russell Hicuchi*, Gavin Dolliager 1 , P. Sean Walsh and Robert Griffith 

RoC hc M»lccrfar Syuenu. toe.. 1400 SSrd St.. Eraeryvflk. CA MC08. 'Ctooo Corporation, 1400 SSrd Su Emeryville, CA 
94608. ^Corresponding author. 



Wc have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PCR- Since the fluorescence of 
BtBr increases in the presence of double* 
stranded (ds) DNA an Increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to sunuha* 
tieously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requkiag high sample through- 
put 

Although the potential bicnc6u; of PCR 1 loclio- 
kal Agnostics are well knowrt 2 ' 9 , it U still not 
widely used in this setting, even though it is 
font- year* tine© thcxmoTt»Wf DNA F>*Y™* r * 

as** 4 Tpsdc PCR practicaL Some of the reasons for its slow, 
acceptance arc high cost, tec* of automation of pre. and 
post-PCR processing steps, and fake positive results, from 
carryover-contamination. The first two points arc related 
in that labor is the largest contributor to cost at the present 
stage of PCR development. Most current assays require 
some form of "downstream" processing once uiermocy* 
ding is done in order to determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybridation 5 *, gel efcetropboresis with or 
without use of restriction digestion HPLCr, or capillary 
cleetrophoresU 10 . These methods are labor-intense, ba*e. 
low throughput, and are difficult to automate. The third 
point is abo closcry related to downstream processing. 
The handling of the PGR product in these downstream 
processes increases the chances that amplified DNA wilt 
spread through die typing lab, resulting in a risk of 



"carryover" false positives in subsequent testing 1 , 

These downstream processing steps would be elimi- 
nated tf specific amplification and detection of amplified 
DNA took place smuhancously within an unopened re- 
action vessel Assays in which such different processes take 
place without, the need to separate reaction components 
have been termed ^homogeneous*. No truly homogc-. 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Chehab, et 
aU* developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Ailck^pexafic primers, each with different fluo- 
rescent tags, were used to indicate the genotype of cne 
DNA. However, the unincorporated primers must still be 
removed in a downstream process in order to vfeuahre the 
result Recently, Holland, et at. 15 , developed an assay in 
which the endogenous 5 F exonudease assay of Tf DNA 
polymerase was exploited to cleave a labeled oligonucJeo- 
tide probe. Hie probe would only deave if PCR arapfitv 
cation had produced its complementary sequence. In 
order to detect the dcavage products, however, a subse- 
quent process is again needed. 

We have developed a truly homogeneous assay for PU* 
and PGR product detection based upon the greatly in- 
creased fluorescence that ethidium brornide and other 
DNA binding dyes exhibit when they are bound tojfo- 
DNA* 4 ^*. As TOtfcnccI in Figure 1, a prototype PCR 



I PCRcytkO 1 



free EtTJt 



/ 



J4>Nii cpcuauung 
U^gCt^tKrtO: 
(op id \lz JiTO^otf) 



pnrDciT 




nftlnlyrtONA 
dtp* sequence 



{op « (cvci Jig) 

I iVxnciple of simuUancoua ampEficatkm and dctecJtOn of 
PCR product. The compcaenu; of a KiR coatatning EtSr that m 
fluorescent are listed— EtBr itself, EtBr bound toou^sDNAOT 
cUiDNA. Tbere is a large fiuorcscencc cnhanccxncnt when EtBr Is 
bound to DNA and rmwimg is greatly enhanced when DNA is 
doublc-straTKlccL After spmcient <n)..cwics of PGR* the net 
increase in d^)NA results in additional EtBr bukfing. and a net 
increase in total Huarcscence; 
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WCOTtf 3 Gd electrophoresis of PCS. amplification products of the 
human, nudcar gene, HLA DQtt, made in the presence of 
increasing amounts of EtBr (up lo 8 Wg/ml). The presence of 
EtRr has no obvious effect on the yield or spedfidty of amplifi- 



cation. 



A. 



B. 





HGOKE 9 (A) Fluorescence measurement* -from PCRs that contain 
0.5 jxg/inJ EtBr and that are specific for Y-cfcrotnojooK repeat 
*eooenoc*. Five replicate PCRs were begun containing each of tbc 
DNAs specified. At each indicated cycle, one of the five replicate 
PCRs for cads DNA -was removed from thcrmocydmg and Hs 
fluorescence measured. Unit* of fluorescence are arbitrary. (B) 
UV photography of PGR tubes (0.5 ml Eppcndorf^tylc, polypro- 
pylene mtcro-centrifuffc tubes) containing reactions, those atatfr. 
mg from Z ng male DNA and control reactions without any DNA, 
from (A). 



begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase: An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amount* of DNA 17 to 
micrograms per PGR* 8 , If EtBr is present the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers ami to the double-stranded target DNA (by- 
its intercalation between the stacked bases of the DNA 
doubk^hc*ut)» After the first denatu ration cyde, target 
DNA will be largely single-stranded. After a PGR is 
completed, the most significant change is the increase in 
tbc amount of dsDNA (the PCR product itself) of up to 
several micrograms. Formerly free EtBr Is bound to the 
additional dsDNA, resulting in an increase in fluores- 
cence There is also some decrease in the amount of 
ssDNA primer, but because tbc binding of EtBr to ssDNA 
ts much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small* The fluores- 
cence increase can be measured by directing excitation 
iUurmnaiJon through the walls of the amplification vessel 
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bclbrc and after, or even continuously during, thermocy- 
ding. " 7 

RESULTS 

PGR m the presence of EtBr. In order to assess the 
affect of EtBr in PGR, amplifications of the human HI*A 
DQct gene* 9 were performed with the dye present at 
concentrations from 0,06 to 8.0 tLgftvl (a typical concen- 
tration of EtBr used in staining of nuciek acids following 



electrophoresis revealed little or no difference in the yield 
or quality of die amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR, 

De t ec tion of human Y-dbtomcwnra specific se- 
quences- Sequence-specific, fluorescence enhancement of 
EtBr as a result of PCR was demons crated in a scries of 
amplifications containing 0.5 |tg/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc^. These PCRs initially contained either 
60 ng male, 60 ng female, 2 ng rodfc human or no DNA. 
Five replicate PCRs were begun for each DNA* After 3, 
17, 21 , 24 and 29 cycles of thenuocyding, a PCR for cadi 
DNA was removed from the thermoeyder, and its. fluo- 
rescence measured in a spectrofluorometer and plotted 
vs. amplification cyde number (Ffe. 3 A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can he detected, die increase in DNA is 
becoming linear and not exponential with cycle number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain* 
ing human male DNA. but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— the fewer 
cycles were ncroed to give a detectable increase in fluo- 
rescence. Gel electrophoresis on the products of these 
amplifications showed that DNA fragments of the ex* 
pectcd size were made in the male DNA containing 
reactions and that Iktle DN A synthesis took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
tranattuminator and photographing them through a red 
filter. This is shown in figure SB for the reactions that 
began with 2 ng male DNA and those with no DNA. 

Detection of specific alleles of the human fl-globm 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening* a detection 
of the $kkle-cdl anemia mutation was performed Figure 
4 shows the fluorescence from completed amplification* 

containing EtBr (0.5 p.gfaU) as detected by photography 

of the reaction tubes on a UV cransuluminator, These 
reactions were performed using primers specific for ci- 
ther the wild-type or skkk-cell mutation of the human 
p-globin gene 81 . The specificity for each abclc i$ imparted 
by placing the sickle-mutation site at the terminal 3' 
nudeotidc of one primer. By using an appropriate primer 
annealing temperature, primer extension— and thus an> 
pli&cauonV-can take place only if the 5' nucleotide of the 
primer is complementary to the 0-gXobin allele present 7 3 ~ 
Each pair of amplications shown in Figure 4 consists of 
a reaction will) either the witd-type allele Specific (left 
tube) or sfckle-allele specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type p-globin individual (A A); from a heterozygous 
sickle £~giobin individual (AS); and from a homozygous 
sickle p-gjobio individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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0 f reactions each). The DNA .type vas reflected in the 
jAuttvft fluorescence intensities in each pair of completed 
L^aicatknis, There was a significant increase in fluores- 
ce* only where a 0-globin allele DNA matched the 

!,rimcr act. When measured on a spcctroflnoronietcr 
Jata not shown), this fluorescence was about three times 
j^t present in a PCR where both p-globm alleles were 
rtibmatchcd to the primer set. Gel clcu^phoresis (not 
shown) established that this increase in fluorescence was 
due to the synthesis of nearty a microgram of a DNA 
fragment of the expected size for p-globin. There was 
iitdc synthesis of dsDNA in reactions in. which the aflek- 
wedne primer was mismatched to both alleles. 

Continuous jraowtorfog of a PGR. Using a fiber optic 
devker 't is possible to direct excitation ffluminauon from 
P spectrofl uorometer to a PCR undergoing thennocyding 
and to return its fiuorcsccncc to the sf>ecraRtfOTOroetcr. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBtMX>ntaimng amplification of Y-chxorno- 
somc speci6c sequences from 25 ng of human male DNA, 
is shown in Figure 5. The readout from a control 1*CR 
vim no target DNA is also shown. Thirty cycles of PCR 
were monitored for each. 

The fruorcsccnce trace as a function of time clearly 
shows the effect of the thennccyding. Fluorescence inten- 
sity rises and . falls invepdy with temperature. The fluo- 
rescence intensity is minimum at the denaturalion tem- 
perature (94°C) and maximum attheanneahn^exiension 
temperature (50°C). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty wcrmocydes, indicating that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there is little if any Weachuis of EtBr during 
the continuous Ulumrnatkjn of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extJension temperature begin to 
increase al about 4000 seconds of therinccyding, and 
continue to increase with rime, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denaturation temperature do not 
significantly increase, presumably because al thh temper- 
ature there is no dsDNA for EtBr to bind. Thus the course 
of the amplification is followed by tracking the ftuorcs*. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridisation lo a se- 
quence-spedflc probe can enhance the specifidty of DNA 
deception by PCR. The elimination of thcac procewca 
means that* the specifidty of this homogeneous assay 
depends solely on dial of PCR. In the case of skkle-cell 
disease, we have shown that PCR alone has sufficient DNA 
sequence Hpcdfidty to permit genetic screening. Using 
appropriate amplification conditions, there is little non* 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The spedrkuy required to detect pathogens can be 
more or less than mat required' to do genetic screening, 
depending on the number of pathogens in the samote and 
the amount of other DNA that must be taken with die 
sample. A difficult target is HIV, which rapines detection 
of a viral genome that can be at the level of a few copies 
per thousands of host cells*. CoYrmared with generic 
screening, which is performed on ceils containmg at least 
one copy of d*e target sequence* HIV idetectJon requires 
toth more specrfidty and the input of more total 
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4 UV photography of PCR tubes containing JunoUrkauoiis 
using EtBr ifijit are specific ^ to wikkype (A) or lictte CS) attdes of 
the rnrrnan p-globsn gene. The left of eaCn pair of tubes contains 
allele*spedfic primers to the wild-type alleles, the right tube 
primers to the sicWe allele. The phmograph was taten afxer SO 
cycles of PCR, and the input DNAs and the alleles jhxv coatam • 
are md&cated. Fifty ng of DNA was used to begin PGR. Typing 
was done in triplicate (3 pain of PCRs) for each input DNA: 
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nam S Continuous, real-time monitoring of a PCR. A fiber optk 
was osed to earry cxdution light tn a r\;R m progress and also 
emitted light back to a fluoro meter (sec eVpenttiental Protocol). 
Anrptification using human male-DNA specific primers ia a PCR 
starting with 20 ng of human male DNA {torn, or in a control 
PCR without DNA (bottom), were roonhorcd, Thirtv cydet of 
K5R were followed for each. The temperature cycled between 
94*C (denaturation) and 50*C (annealing and extension). Note in 
the male DNA PCR,. the cycle (time) dependent increase in 
fluorescence at the anneaBn^extension temperature. 
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DNA— up to microgram amounto—ia order to have suf- 
6cicnt numbers of target sequences. This largo amount of 
starting DMA in an amplication sigftibearirly inacases 
the background fluorescence over which mjr additional 
fluorescence produced by PGR must be detected. An 
additional complication that occurs whh targets in tow 
copy-number is the formation of the **primet-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PGR amplification, and can compete whh 
true PGR targets if those targets are rare. The primfcr- 
dirncr product is of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay. 

To increase PGR spedficky and reduce the effect of 
prirner-dimcT anlpUftcatton, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplification* that take place in a smgic tube 8 , and the 
"hot-start*', in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 25 . Prefiminary results using these ap- 
proaches suggest that j>runcr^iro:eT b effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10* ceils. With larger numbers of cells, the 
background fluorescence conuibuted by genomic DNA 
becomes problematic- To reduce this background, it may 
be possible to use sequence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incoroorating the dye-binding DNA 
sequence into the PGR product through a 5' "add-on" to 
the oUronodcotidc primer* 1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PGR is straightforward, 
both once PCR is completed and continuously during 
thermocycHng. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. Hie fluorescence analysis 
of completed PCRs is already possible with existing instru- 
mentation in 96-well format**. In this format, the fluores- 
cence in each PCR can be quantitated before, after, and 
even at selected points during therraocycung by moving 
the rack of PCRs to a 96-microwcH plate fluorescence 
reader 20 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptic* transmit the captation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy rnunber. Figure 5 shows that 
the larger the amount of starring target DNA, the sooner 
during PT.R a fluorescence increase is detected. Prelimi- 
nary experiments <Higuchi and DoUinger, manuscript in 
preparation) with continuous morihoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
Known — as it can be in genetic screeiimg— ^ntinuous 
monitoring may provide a means of detecting false posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number pf cycles of PGR. 
Increases in fluorescence detected 1 before or after that 
cycle would indicate potential artifacts. False negative 
resuks due to, for example, . inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker tcsuIcs in a 
fluorescence increase only after a large number of cy- 
cles—many more than are necessary CO detect a true 
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positive. If a sample fails to have a fluorescence increase 
after this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event before any test based on this 
principle is ready for the clinic, an assessment of its false 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In summary, the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in apphcations that demand the high throughput of 
samples* 



*TAL PROTOCOL 
Hunan HLA-DQ" amptiBcadons cmUaining EtBr. 

PCRs were set up inl 00 pA volumes containing 1 0 mM Tris^HCK 
pH 8.3; 50 mM KC1; 4 raM MgC^: S3 units of Too DNA 
polymerase (Pfcrkm*£}mcr Genu, Norwalk, CT); 20 pmote each 
of human HlA-DQa gcac specific oligonucleotide primers 
(JHS6 and CHJ7 19 aud appranraatelj 10* copies of DQ* PCR 
product diluted from a previous reaction. EthkHum bromide 
(EtBr; SignvO was used M the concentrations indicated in Figure 
2. Thermocyding proceeded for 20 cycles in a model 480 
thennocyder <PerUi>~EJmcr Ccrua, Norwalk, CT) using a "step- 
cycJc" program of 94*C for 1 min-dcuaturation and 6(rC for>Q 



sec anncahng and 72°C for 30 ice. extension. 

Y-chronio9omc specific PCR. PCRs (100 ul total reaction 
volume) contahiing t)J» pgfari EtBr were prepared as described 
for HLA-DQOr e*cept with different primers and target DNAs. 
These PC^ contained J 5 pmofceach male DNA-spccitjc prime** 
YI.) and Vl^ M , and cither 60 ng male, 60 oeferwle, 2 ng male, 
or no human DNA. Thermocyding was M*CToc ) min- and GVC 
for 1 min using a "stcp-cyde* pto^ram. The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment is described below. 

Alle4c<«pcc?fic, human ptfdbbi grofi PGR* AmpHncauons of 
100 pi voiumc using 05 Mg/ml of ZtBr were prepared as 
described tor HLA^DQo above except with duTcxcni primers and 
target DNAs. These PCfo contained eJiber. primer pair HGPf 




Ucgei IjNAa *ere used in separate ampliftcationsr-^50 ng each of 
human DNA that was homozygous for the sickle trait <SS). Dtf A 
that was heterozygous for the sickle trafc (AS), or DNA that vrfu 
homozygous for UK W.l- elobin (AA). Thcrmocycnng was fr* 30 
cycles at 94"C for 1 min. and 55<C for 1 min. using * "stcp^ckf 
program. An antteaKog temperature of $5°C bad been shown by 
Wu et al 2J to provide, alldc*pcrinc ampUfccaUon. Completed 
PCRs were photographed through a red filter <Wratterr23A) 
after placing the reaction lubes awn a model TM-36 transffiufrti- 
nator (UV-products Sari-Gabriel, CA). 

Fhioreseence rne^nirement. Tumescence rncasuic merit* were 
made oh PCRs containing EtBr in a Fluorolog-2 flUorornCtcr 
(SFEX, Edison, NJ). Recitation was at the 500 nra band with 
about 2 nm bandwidth with * GG 455 rnn cut^ ^rjMencs 
Crist, Inc. Irvine. CA) to exclude sccoirf-order light. Emitted 
tight was detected at 570 mn with a bandwidth 'of about 7 nm. An 
OG 530 nm cut-off fmer was used to remove the excxtaubn hght 

ContitHftOUft ftnoreseence monitoring of PCR, C^npnuou* 
monitoring of a fCR in progress was accomplished using tnc 
spectrofiuorometer and setdngB descrrbed above as weU as a 
nberopuc accessory (SEEX caL no. 1950? 10 both send excuauon 
fight to, and receive emitted light from, a PCR placed in a well of 
a model 480 wexmocyclcr (Pcrkin-Elmer Cetus). The probe end 




with iw cap removed) erfectTveW scaling 'tu The exposed too oj 
ihe PCR tube and the end of the fiberoptic ca»e were shielded 
from room light and the room lights were kept dimmed dormg 
each run. The monitored PCR was an ompwcaiidn of Y-cb«>* 
rnosome-spceifk repeat sequences as described above, except 
usmg\an anncaMngtextensiori teroperauire of 50X. The reaction 
was covered with mineral oil (2 drops) to prevent evaporation. 
TWroocy cling and fiuorcsccna rowuremeut verc starteo si- 
multaneously. A time-base scan with a 10 second mtegranoo tonc 
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uwid and the emission signal was ratioed to* tbc excitation 

anal U> control for chiWfte* ill li$ht-»ourcc Intercity. tfr& were 
lected using the dro50Q0f, version 5,5 (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 



Trauma, Shock and Sepsis 




The CD-14 molecule is" expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopolysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). "me 
concentration of Its soluble form is altered under 
certain pathological conditions. There is evidence for 
an important rote of $CD-14.with pofytrauma. sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of value in 
monftorinQ these patients. 

. For more information caH or fax 
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supernatants and other biological fluids. 
Assay features: 12x8 determinations 

(microSter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/rnl 
detection limit 4 1 ng/ml 
CV: intra- and interassay < qo^ 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 

and Nucleic Acid Hybridization 

Kenneth J, Livak, Susan J.A. Flood, Jeffrey Marrrwo, William Giusti, and Karin Deetz 

Porkln-fclmcr, Applied Hlo*ystcms Division, Fcnier City, California 94404 



The 5' nucleus* PC ft a tray cUtscts th« 

Accumulation e*f specific PCR produd 
by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye ami a 
quencher dye attached. An Increase 
in reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and h«» 
been cleaved by the S'-*3' nude- 
olytlc activity of Taq DNA poljm erase. 
In this study, probes with the 
quencher d/v attached to an Inte ma l 
nucleotide were compared with 
probe* with the quencher dye at- 
tached to the J -end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching or the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3' -end nucleotide also exhibited 
an Increase In reporter fluor*«cenc* 
InUtntlly when hybridized to a com- 
plementary strand. Thux oligonucle- 
otide* with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybrldlra- 



A 



homogeneous; auxay for detecting 
the Mtvuumlatloii of specific 1'CR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et al. u> 
The assay exploits the 5' - » 3' nucle- 
oiytlc activity of 7«ij DNA poly* 
memae* 7 - 1 " and Is diagramed In 1'lgure I. 
The fluorogenic prtjliu consists of an oli- 
gonucleotide, wiili y reporter fluorescent 
dye, mkIi as a fluorescein, attached To 
the 5 1 end; and a quencher dye, such as a 
rhodaminc, attached internally. When 
the fluorescein is excited by Irradiation, 
Us fluorescent emission will be 
quenched if the diudauUtic Is close 
enough to be excited through the pro- 
cess of fluorescein:!* energy transfer 
<N%T)."-*> During PCU, If the probe is hy~ 
bridlzcd to a template shaiid, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent V 3* nucleolytic 
activity. If the cleavage occur* between 
the fluorescein and rhodanunc dyes, it 
causes an increase in fluoicsVem fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence Intensity Indi- 
cates that the probe-specific I*CR product 
has bin-ri generated. Thus, PET between a 
ie|Hjiiei dye and a quencher dye Is criti- 
cal to the performance of the. piubc Ui 
the S 1 uu v. Urate PCU assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. 1 ' 0 Because of this, h has Inreii a.v 
sumcd that the quencher dye mu>l be 
at Cached neat the 5' end. Surprisingly, 

we have found that attaching a rho- 
Uoitiiiie dye aL the 3' cud of a 



PCR assay, llirthcrmorc, cleavage of this 
type "of pn>he is not required to achieve 
some reduction In quenching.. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluoros* 
evuee when dounic-stranded as com- 
pared with single-stranded. This should 
make it possible lo use this type of dou- 
ble-labeled probe for homogeneous dc^ 
tcctlon of nucleic acid hybridization, 



MATERIALS AND METHODS 
Oil gonu cf eo tl des 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used In this 
Study. Linker arm nucleotide (LAN) 
phosphoramidltc was obtained from 
GJcn Research. The standard UNA plios- 
phorainiditcs, 6-carboxyfluorcsceln (6- 
FAM) phosphoramidite, n-carboxytet* 
ramcthylrhodaminc sucrinlmldy) ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3' -blocking phosphate, 
were obtained hum Herldn-glmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
AB1 model 394 DNA synthesiser (Applied 
Bkttystems). Vnmcr and complement 
oligonucleotides were purtficu using 
Ollgu Purification Cartridges (Applied 
Blosystetns). Dimblc-lulntlr.d jimbcs were 
synthesized with 6-PAM* labeled phov 
phoKtiiifdilc a i (hi= 5* «nd» I AW replacing 
nm: of tbcTs in the sequence, and Phos- 
phalink at the 3' end, Following de- 
pi titration ami cthauol precipitation. 
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FIGURE 1 Diagram of S' nuclease assay. Stepwise representation of ine 5' 3' nucieorytic ac- 
tivity of Taq DNA polymerase acting on a Muurujtcnic prubc -during one extension phase of PCK. 



niM Na-bicarbonaic buffer (pi 1 9.0) At 
room temperature. Uiircacicd dye was 

lcxuuvcd by ptiauifte ovci a I f D*10 Scplltt* 

dcx column. Finally, the double-labeled 
probe was purified py preparative hiRh- 
performance liquid chromatography 
(NHU:j using an Aouaporc C„ 22il*4.6- 
mm column with particle size. The 
column was devdoped whh a 24*mln 
linear gradient of 8-20% ucctonitrllu in 
0,1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and Uic position of 
the IAN-TAMRA molery, Vot example, 

probe A3 -7 has sequence Al with f AU- 
TAMH/Vat nucleotide position 7 from the 
.S' end. 



PCR Systems 

All PCR amplifications were performed 
in the Pcrkin- Elmer GcneAmp PCR Sys- 
tem 9600 using reactions Ihol con- 
tained 10 mM Tris-HOJ (pi J 8.3), 50 inw 
KCI, 200 p,M OVOT, ZOO u.m dCJV, 200 jsm 
dGTP, 400 \pA dUTP, 0.5 unit of AinpEr- 
ase uracil N*glycosylase (PetkirbElmer), 



gene (nucleotides 2141-2435 in the »c». 
quence of Noka|lino-ll|lma ct al.) (71 was 
amplified using pinners APP and AKP 

(Table 1), which are modified slightly 
from those of du Dreull ct ah W) Actln am- 
plification reactions contained 4 niM 
MgC!)^ 20 ng of human genomic J>NA, 
50 nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was SQ U C 
(2 mln), 95*C (10 mln), 40 cycles of 05 a C 
(20 sec), 60°C (1 mln), and hold at 72°C. 
A 515-bp segment was amplified from a 
piasmld Utat consists cil a segment ol \ 
UNA (nucleotides 32,220-32,747) in- 
serted in the Smal of vector pUCl 19. 
'lliesc reactions conuilnetf XJS i«m 
Mj;< :i 2 , 1 nc, of pi us rn Id DNA, SO riM P2 or 
PS probe, 200 nw primer PI 19, arid 200 
iim pimiei R119. The thermal regimen 
was WC (2 mln), 95*C (10 mln), 25 cy- 
cles of 9$ a C (20 sec), 57%: (1 mln), one! 
hold at 72 6 C 



f lunrpwencr Detect Ian 

Por each amplification reaction, a 40-jxl 
aliquot of a sample was transferred to an 
Individual well of a white, 96.wo)j micro 
titer plate (Perkin-lUmer). Fluorescence 
was measured on the J'crkln-Elmef Taq- 
Man LS-50U System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 4R5-nm excitation £11- . 
ter, and a M&-nm emission filter. pjcclta« 
bun was at 488 mn ustn>* a 5-nm slit 
width. Emission was measured at 518 

nm for &-1-AM (the. reporter or H value) 
and &ft2 nm for TAMllA (the quencher or 
Q value) u$in K a lCnm silt width. To 
determine the Inncase in lepoilei emis- 
sion that Is caused by cleavage of the 
probe during PCR, three normalization* 
are applied to die raw emission data. 
First, emission intensity of a buffet blank 
Is subtracted for each wavelength. Sec- 
ond, emission Intensity of the. reporter Is 



TABLE 1 


Sequences of Oligonucleotides 




Name 




.Sequence 


FU9 


primer 


ACCCACA G GAACTC ATCACCACTC 


KU9 


prlmvT 


ATcncuc^rrcccKSCir.AcxriTciTCiC 


P3 


probi- 


1 <XK*VJy\CT0 AlCCi'lXJCCAACCACTp 


P2C 


complement 


CnACiCCrrCCCAACXJATCAOTAATOCOAiO 


PS 


probe 


CCJOAJTrGCTOCrrATCrAlXJACAACCAlV 


T5C 


complement 


T1Tw\TCXnTGTCA,T AC Al 'A<JCJ AO CAAA'I'CCC 


APP 


primer 


TCACCCACACTGTGCCCATCTACQA 


ARP 


primer 


CAoafUAAtitxiciXArroavwrou 


A1 


probe 


AjpCCCitXXXX^TGCCAlCCroCOTp 


AiC. 


complement 


A(L\t:ctiititJA'it;(ii^Tt;t;c;t;t;A(;(;Tj(^rAC 


A3 


piobc 


CGCCCrGOACTrCCAOCAACAOArii 


\1C 


cvnipleuieut 


crATcrcrrracrauAGTCCAnnGcnAc 



For each oligonucleotide used In Uili study, the nucleic add sequence U given, written in the 
5' > 3' direction. Tbeic are three typo of aligoniacieotides; TCR primer, iluorogenJc probe used 
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518 nm 


6S2 nm 


no- 


RQ» 


ARO 








no Ump, 


« tamp. 










29.6 d. 2.1 


32.7 i 1.0 


as.2 4 d.o 


36.2 ^ 2.0 


D.G7 * 0.01 


o.eo i o^e 


0.104 Q.06 




03 .0 i 4.3 


306.1*21.4 


10fi.S*64 


1 103 * 5-3 




3.S&*0.17 


3O0* 0.l« 


A1-14 


127.0 ±AD 


403.S* 19.1 

• 


100.7 i 5.3 


03.fi 5.3 


1.16 10. 02 


4.54 iO.lS 


118 J 0.15 


A1-13 


107.5 * 17,9 


«».7 4 7.7 


70.3 4 7.4 


73.0* 9,0 


3.67 * 0.06 


6.00A0.1G 


9.191 0.16 


A 1-22 


224. G i 0.4 


± 43.6 


100.0 i 4.0 


10.6 


C.2S a 0.03 


5.02 1 0.1 1 


C.77 10.12 


A 1-26 


160^ J 0-3 


464.1 1 1tJ.4 


j^u * !>.4 


VUV ± 3.2 




wn turn 





FIGURE 2 RouHs of 5* nuclease *>*<iy ttu»|>aring p-i<Mij\ frf<>bc» with TAMRA At different micl* 
utkU positions. As described In Materials and Methods, Vt'M amplification* containing the In- 
dicated probes wrre performed, and the fluorescence emission was measured at SIS and 562 nm. 
Reported value* are the avcra&c:r1 s.Dt for six reactions nm without addod template (no temp.) 
and six reactions run with template ( i temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the rcportedRQ" tn4 HQ 1 values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for coco 
reaction tube. Tills normalizes tor well- 
to-wen variations in probe concentra- 
tion and fluorescence measurement, 
* nally, ARQ is calculated by subtracting 
the KQ value of the no-template control 
(RQ") from the KQ valui: for iht? win- 
pletc rcacnon including template 

RESULTS 

A series of probes with increasing dis- 
tances Derwecn the fluorescein rvportci 
and rhodamlnc quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease l'CK as- 
say. Tnese probes nybridizc to a target 



.sequence in the human p-actin ge.ne. 
ftguic 2 shows the results of an experi- 
ment in which those probes were In- 
eluded in PCR thai ampUfled a segment 
of the p-iutln genr. containing the taigct 
sequei ice- I'cifuiiuauce In the 5' nu- 
clease PCR assay is monitored Iry the 
magnitude, of Ak(i which Isa measure 
of the increase in reporter fluorescence 
uxuaed by PCR amplification of the 
probe target, Probe Al-2 lutv* ARQ value 
that is close to zero. Indicating thai ihe 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gc^U that with the quencher dye on the 
scvond nucleotide from the 5' end, there 
Is Insufficient khiiii lot Ttiy polymerase 
to cleave efficiently between the reporter » 
and quencher. The other five probes ex- 
hibited comparable AKQ values thai are 



clearly different from zero- Thus, all five 
probes arr befng cleaved dwrinj; l'C*-K am- 
plification louhing in a similar IncreaNe 
In tcportci* nuui^ecJicc. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
In Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the. majority of probe molecules remain 
unci caved. It is mainly Cor this reason 
that ihc fluorescence intensity of the 
quencher dye TAMHA changes Utile with 
amplification of the targrj. This Is what 

allows us to use the 582-rjm fluorescence, 
reading as a norm all station factor. 

The magnirndi* nf UQ" dnponrtj; 

mainly on the quenching efficiency in- 
herent in the specific .srnicrure ol the 
probe and the purity of the oligonucle- 
otide. Thus, the larger HQ" values Indl* 

cate thai proDes A.M9, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7, Still, the degree 
of quenching Is sufficient to detect a 
highly significant lni:rcu»sc In reporter 
fluorescence when each of these -probes 
ia cleaved during PCU. 

To further investigate the ability of 
TAMRA on the 3' end to quench MAM 
on the 5' end, three additional pain of 
probes were tested in the 5' nuclease 
PCR assay. Foi each pair, one probe has 
TAMRA attached to an internal nude, 
uild* and the othei has TAMRA attached 
to the 3 f end nucleotide. The results ate 
shown In Table fc. For all three sets, the 
probe with the '4' quencher exhibits u 
&RQ vaJuc that Is considerably fiighei 
than for the probe with the Interna) 
quencher, The HQ" values suggest tKnl 
differences In quenching arc not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 
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TABLE 2 Results of S' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or ^'-terminal Nucleotide 

562 nin 



St 8 mn 





Trobe. 


no temp. 


+ iemp. 


no letup. 


4 temp. 


HQ 


RQ 4 




AC 


A3-6 
A3-24 


S4.6 ± 3.2 
72.1 ^ 2.9 


84,8 x 3.7 
236.5 a. 11.1 


U6,2i6.4 
W.2 * 4.0 


n.s.b j. 2.5 
90.2 -t 3.8 


0,47 i 0.02 
0.86 ± 0.02 


0.73 a. 0.0H 
2.62 ± 0.05 


O.'lb ± 0.04 
1.76^0,05 


the 


rz-7 

1*2-27 


82.B 2. 4.4 
113.4 2:6.6 


384.0 ± 34.1 
555.4 * 14.1 


105. J z 6.4 
140.7 * 8,5 


120.4 * 10.Z 
118.7 2:4.8 


0.79 l 0.02 

asi ± 0.01 


3.19 * 0,16 
4.68 ± 0.10 


2.40 t« O.K» 
3.88 T 0.10 


ied 
the- 
sti. 




77.5 ± 6-S 
64.0 jl S.2 


244,4 * 15.* 
333.6 ± t2.1 


86.7 ± 4.3 
HKJ.6 it 6.1 


95.6 * 6.7 

94.7 S 6.3 


0.89 * 0.05 
0.63 ± 0,02 


2.55 * 0,06 
4.53 tt 0.12 


1.66 z 0.08 
2.89 i 0.13 


I. .- 




*-^^4„a .nd rab-iiUilons wore oerfonncd as described In MaleiioJ «««ti Methods find in the legend to Hlg. 2, 
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fluort*sc*nrp of a reporter dye on the 5* 
end. Hit* degree of quenching Is luffi» 
cionl fur UiiN type of oligonucleotide to 
be used as a probe in the V nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a V TAMRA depends on the flexibility 
of the. oligonucleotide, fluorescence was 
mcauiiod fur probes In the Single- 
stranded and double stranded states. Ta- 
ble A reports (he fluorescence observed 
at 518 and 582 Jim. The relative degree 
of quenching Is assessed by calculating 

the RQ ratio, tor probes with TAMRA 
MO nucleotides from the S' end, there 
Is little difference In the HQ values when 
comparing single-stranded with double- 
Stranded oligonucleotides, The results 
for probes with TAMRA At the 3* end are 
much different. For these probes, hy- 
bridisation to a complementary strand 
causes a dramatic Increase in HQ. "We 
propose that this loss of quenching is 
caused by the rigid Structure of double* 
Stranded UNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 ' effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2H concentra- 
tion. With TAMRA attached near the 5' 
end (probe A 1-2 or Al-7), the RQ value at 
0 niM Mg 2 " is only Slightly higher than 
RQ at 10 him Mir * . l'or probes A1.19, 
Al-22, and Al-26, the RQ values at 0 ium 
Mg* J are very high. Indicating a much 



reduced quenching efficiency. For each 
of these probes, theiu Is « marked de- 
crease in HQ al 1 mM Mg** followed by 
a gradual decline a* the Mg 9 1 <Amccn- 
trution increase! to 10 mM. PiuUe Al-14 
shows an intermediate RQ value ai O mM 
Mg^ w *lb a gradual decline at higher 
Mg 7 " 1 cOlUCiHl allot is. In a low-salt en- 
vironment with no Mg J * present, a sln- 
gle-strandcd oligonucleotide would he 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg a+ ions acts lo 
slUeld the negative charge of the phos- 
phate backbone so thar the oiigonude- 
otide can adopt conformations where 
the IV end is close to the 5* end. There- 
fore, the observed Mg 2 ' effects support 
the notion that quenching ol a 5* re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems Ok rhodamine dye TAMKA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (0-FAM) placed at 
the 5' end, This Implies that a single- 
stranded, double-label ed oligonucle- 
otide must he able to adopt conforma- 
tions where the TAMRA is close to rhe 5' 
end. It Should be noted that the decay of 
6-PAM In the excited state requires a cer- 
tain amount of time. Therefore, what 



TABIC 3 Comparison of PluorcACctKc fruitions of single-stranded and 
Douhke-»tr»ndcd Fluorogenlc Piobes 



518 nm 



582 nm 



RQ 







ds 




Il5 




<ls 


Al-7 


27.75 


68.S3 


61. OS 


13ft. IK 


0.45 


0.50 


Ab26 




509.38 


53.50 


93.86 


0.81 


5.43 


A3-6 


167S 


62.88 


39,33 


16S.57 


0.43 


0.38 


A.V24 


30.05 


578.64 


67.77. 


140.2S 


0.45 


3.21 


P2-7 


35.02 


70.1.1 


64.63 


121.09 . 


0.64 


0.58 


l'2-27 


39.89 


320.47 


6Mu 


61.13 


0.61 


S.25 


rs-io 


27.34 


144.B5 


61,S>5 


165.54 


0.14 


0.B7 


P5;-2n 


33.65 


4<S2.29 


72.39 


104.61 


0.46 


4.43 



(s$) Slnglc-stranded. The fluorescence emissions at 538 or 582 nm for solutions containing a final 
concentration of 50 m* Indicated probe, lo mw t ris-HCI (pH 8,3), 50 dim KC1. and 10 nm MgCl*. 
(ds) DcmbliMvtrandpd. Th* solutions contained, in addition, 100 iim A1C for probe?; Al-7 and 
Al-26, 100 n>i A3C for probes A3-6 and A3-24, 100 iim l*2t: for \m\\*$ Yl^i and P277« or 100 nM 
PSC /or prober 1>S-10 and r*-2«. Hcfnrc tnc acJduton of MkCIj, J W v\ of each sample was Heated 
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matters for qucncIUng l* uul die average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get lo 
6»FAM during die lifenme of luc 6-FAM 
excited state. As long «* the decay time of 
the excited state, is relatively long coin- 
pareci with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3* 
end, or any other position, can quench 
6-FAM at the V end because TAMRA is in 
proximity to fi*KAM often enough to be 
able to accept energy transfer from an 
excited 6.PAM. 

Details of the fluorescence measure- 
ments remain pu2Zlliig. For example, Ta- 
ble 3 shows that hybridisation of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6*FAM fluorescence at 51o 
nui but also causes a modest Increase in 
TAMRA fluorc»cc.nce at 582 nm. II 
Tamra Is being excited by energy trans- 
fer from quenched 6*PAM, then loss of 
quenching attributable to hybridization 
should cause a decrease In ihe fluores- 
cence emission of TAMRA. the fact that 
the fluorescence emission of TAMRA in- 
creases, indicates that the situation Is 
more complex. For example, we have an- 
ecdotal evidence thar the bases of The 
oligonucleotide, especially Ci, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double* 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye- Kvtdence for the Importance of 
TAMRA is that o FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
In the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and afiei cleavage of 
the probe, need to he. explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simpllXJcs 
the design of probes for the S' nuclease 
PCR a<way. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe In the 
$>' nuclease 1*01 assay. The first factor Is 
the degree of quenching observed In the 
imaa probe. Tills is characterized by the 
value of RQ' , which is the ratio of re- 
porter to quencher fluorescent cmis 
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fICURE 3 Kffeel *>f Mg 1 " 1 eonca nt ration on RQ ratio for the Al serlei of probes. The fluorescence 
emission Intensity at SIS and 582 nm was measured for solutions containing 50 om probe, 20 mM 
Trh-HCl (pH fc.3), 50 mM KCI. ftmi varying amounts (0-10 mu) of MgO*. The calculated kQ 
ratios (518 nm Intensity clMnetf hy .SR2. nm iittriixily) art* plotted vs. MgCt A concentration (mM 

Mk)« Tim key (uyjtet right) almwa ihe uiuIjv* CAaiuttunl. 



dyes used, .spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
ulhei faciuj* that induce flexibility of 
the oligonucleotide, and purity of Ihe 
probe. The >ccond factor h the efficiency 

- of hyhiidizauoii, which depends on 
probe T av presence of secondary struc- 
ture In probe or template, annealing 

■ temperature, and other reaction condi- 
tions. The third factor Is the efficiency at 

' which Taq DNA polymerase cleaves flic 

, bound probe between the reporter and 
quencher dyes. This cleavage Is depen- 
dent oil sequence complementarity be- 
tween probe and template as shown by 
Ihe observation that mismatches in the 

segment between reporter and quencher 
dyes drastically reduce the cleavage, of 
probe." ) 

The rise in RQ' values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end ihe lowest apparent quench- 
ing Is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TArvfRA Is at the 2T end (A1-Z6). This ir 
•understandable! as the conformation of 
the 3* end position would be expected to 
be less restricted than the conformation 
of an internal position* In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than . Is an internally placed 

9T0I21 



probes, the interpretation of RQ values 
is less clear-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
piobc having a larger RQ. than the in* 
ternal TAMRA probe. For the P2 pall, 
lx>th probes have ahnui the same RQ" 
value. For the PS probes, the RQ for the 
y probe, is less than fn* the Internally 
labeled probe. Another factor that may 

explain some of the observed variation is 
that purity affect? the RQ" value. Al- 
though all pmbes are HPLC putificd, a 
small amount of contamination with 
unqticnchcd reporter can have a large ef- 
fect on RQ . 

Although there may be d modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. Hie most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleuUde reduces the efficiency of cleav- 
age to almost xcro. For the A3, 1*2, and PS 
probes, ARQ Is much greater for the 3' 
TAMKA probes as compared with the in- 
ternal TAMRA probes. Tills Is explained 
most easily by assuming that piobes 
with TAMRA at the 3' end are more likely 
to be cleaved between icpoilei and 
quencher than arc probes with TAMRA 
attached internally. l ; or the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ docs 
not Increase when the quencher is 
nhr«i riAcer to th»* .V end. This illus- 



trates the importance nf being able to 
use probes with a quencher on the V 
end In the nuclease PGR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe Is cleaved between I lie 
reporter and quencher dyes. By placing 
the luporlur and qumieltui dyes on the 
opposite end* of an oligonucleotide 
probe, any cleavage that occurs wilt be 
detected ./When flic quencher Is ut inched 
to un Internal nucleotide, yo me times the 

piobe work* well (A 1-7) and other Utiles 

not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
rppnripr and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PGR prod- 
uct in the V nuclease P0R assay Is to use 
a probe wirh The reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight boneflt in 
terms of hybridization efficiency, The 
presence of a quencher attached to an 
Internal nucleotide might be expected to 
disrupt base-pairing and reduce the t m 
of a probe. In fact, a 2 r V/-3 A C! reduction 
In T m has been observed for two probes 
with internally studied TAMKAa/* "HUs 
disruptive effect would be minimised by 
placing the quencher at the 3* end. Thus, 
probes vvirh 3' quenchers might exhibit 
Mifthtly higher hybridation efficiencies 
Ihun piol>es willi internal quenches*. 

The combination of increased cleav- 
age and hybridisation efficiencies means 
that probes with 3* quenchers probably 
will be mote tolerant of mismatches be- 
tween probe and target as compared 
wtlli internally labeled probes. Tins tol- 
erance of mismatches can be advanta- 
geous, as when trying to use o single 

probe to detect PCR-amplificd products 
from simple* uf diffetenl species. Also, It 
means that cleavage of probe during PGR- 
Is less sensitive- to alterations in an* 
ncaiing temperature or other reaction 
conditions, The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination, l.ec 
ct al.* 1 * demonstrated that allele-spedflc 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFSOB mutant, Their probes had TAMRA 
attached to the seventh nucleotide from 
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figure 3 Kffcct of Mg a 1 concentration on HQ ratio for the Al scries of probes, iru* fluurtaicuiic* 
emission intensity a I MR and 582 nm was measured fur solutions containing 50 (iM probe, JO mM 
Trift-lia,(pH 8.3), 50 roM KO, and vaiylng amount* (0 10 nw) of MgCIa- The calculated RQ 
ratios (si « nm intensity divided by 5KZ nm intensity) arc plotted vs. MrC1 2 concentration («im 
Mg). The key (upper ri&ht) *h0WS the probes examined. 
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dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence, 
context effects, presence, ol structure or 
other factors that reduce flexibility of 
the ollgonucR-otide, and purity of the. 
probe. The second factor is tnc efficiency 
of hybridization, which depends on 
probe T m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third racror is the efficiency at 
which Taq UNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage of 
prohe. <l> 

the rise in RQ values for the Al se- 
ries of probes seems to Indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe A1-19 (sec Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (A1-Z6). This is 
understandable, as ihe conformation of 
the S' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher ar the 3' end is freer to adopt 
conformations close lo the 5' reporter 
dye than Is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ' values 
is less clear-cut. The A3 probes show the 
same rrend as Al, with the 3' TAMRA 
probe having a larger RQ" Hum the; in- 
ternal TAMRA probe. For the 92 pair, 
both probes have about the same RQ 
value. Tor the 1*5 probes, the RQ" for the 
3' probe b less than foi the lutein ally 
labeled probe. Another factor that may 
explain some of the observed variation Is 
that purity affects the RQ"" value, Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
utiquenched reporter can have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu» 
cleotlde reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This Is explained 
most easily by assuming that piobcs 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ docs 
not Increase when the quencher is 
placed closer to the 3' end. This illus- 



trator the importance of beiitfl able to 
use probes with a quencher on the 3' 
end in the V nuclease I'CU assay. In this 
assay, an Increase In the intensity of re 
porter fluorescence Is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. My placing 
the reporter and quencher dye* on tha 
opposite ends of an oligonucleotide 
jrrube, any cleauajjy that occur* will be. 
detected. When the qu«nch<ir u attached 
to jo Internal nucleotide, winethttos the 
probe works well (AJ.7) and olhe.r times 
not so well (A3-6), The rclotlvcly poor 
performance of probe A3-4S p return ably 
means the probe is belnx cleaved 3' to 
the. quencher rather than between the 
reporter and quencher. Thandore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct In the 5' nuclease PCR assay Is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms ol hybridization efficiency. 'the 
presence of a quencher attached to an 
internal nucleotide might be expccicd to 
disrupt base-pairing and reduce the 7\ n 
of a probe. In fact a 2*C-3 g C reduction 

in T m hits becrt Observed for two probes 
with internally attached TAMRAs. (9) This 
disruptive effect would be minimised by 
placing the quencher at the 3' end. Thus, 
probes with 3* quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of Increased cleav. 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-ampIihed products 
from samples of different species. Also, It 
means that cleavage of probe during PCR 
is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al/" demonstrated that allclc-speclhc 
probes were cleaved between reporter 
and quencher only when hybridized to a 
pcrfccUy complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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iJim »V end and wero designed to that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
betwuun reporter and qticnchar would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thut, probes 
with a quencher attached to an internal 
nucleotide may still be ucoful for allelic 
discrimination. 

hi this study low of quenching upon 
hybridtratlon wax used to show that 
quenching by a 3* TAMRA 1* dependent 
on the flexibility uf a slnglc^strsnded oil- 
gonudeotide. The Increase in reporter 
fluoresce net intensity, though, could 
also b« used to determine whether hy- 
bridization has occurred or nor. Thus, 
oligonucleotides with reporter and 
quencher: dyes attached at opposite ends 
should also be useful (is hybridization 
probes. The ability to delect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
Kinetics. Also, this type of probe could be 
used to develop homogeneous hybri ci- 
tation ossays for diagnostics, or other ap« 
plications. Bagwell Ct al. (,0) describe just 
tills type of homogeneous assay where 
hybridization of a probe causes ah In- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design dial requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins, lhe results presented here 
demonstrate that the simple addition of 
a rcporlcr dye to one end of an oligonu- 
cleotide and a quencher dye to Uic oihci 
end generates a fluorogenlc probe that 
can detect hybridization or i'CH amplifi- 
cation. 
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Real Time Quantitative PCR 
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We have developed a novel Teal time" quantitative PCR method. The method maacura PCR product 
^Sd^SSi a duaMandtal fluorctnte probe (Lc, TaqMan Probj) This MM provide very 
accurate and reproducible quantitation of Rene copies. Unlike other quantitative PCR methods, rcal-t me PCR 
S * nor |Suffpi-rcR sample handling, preventing potential PCR product carry-over contaminauon and 
*ZZ iTmu^faster and higher throughput assay, The reaMlm* PCR 

ranee of starting target molecule determination (at Wan five orders of magnitude). Real-time Quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important rule in many fields of biologi- 
cal research. Measurement of gene expression 
(RNA) has been used extensively In monitoring 
biological responses to various stimuli (Tan ct al. 
1 994; Huang el at. 1995a,b; Prud'homme ct at. 
1995), Quantitative gene analysis (T;NA) has 
Ixt-n used 1 a determine the genome quantity of. a 
particular gene, as in the cascot the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slarnon u al. 1987), Gene and genome 
quantitation (DN A and RNA) also have been used 
for analysis of human inununodeficiency virus 
(iUV) burden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak ct al. jvv:«i; 

Purrado el at. 1995). 

Many methods have heen described for the 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern 19/5; Sharp ci 
al. 19K0; Thomas 19HO). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has mode, pos- 
sible many experiments that could not hove, been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



that It be uscvl properly for qunntituuon (Ueuy- 
maskers 1995). Many early reports of quantita- 
tive PCK and RT-PCR described quantitation of 
the PCR product but did not measure the Initial 
target sequence quantity. It is essential to design 
protxr controls for the quantitation of the initial 
target sequences (Fcrrc 1992; Clcmcntl ct al 
100?.) 

He.NWifchcrs have developed several methods 
of quantitative PCR and RT-PCR. One approach 
measures PCR product quantity in the log phase 
of the reunion befoTe the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
that each sample has equal Input amounts of 
nucleic add and that each sample under analysis 
amplifies with identical efficiency up to the point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
tities, such as p-aclln) can be uw*d for samplft 
um^liTication efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QC)-PCR, has been developed 
and is used widely for PGR quantitation. CJC-PCR 
relics on the inclusion of an internal control 
.competitor in each reaction (Becker-Andre 1991; 
Platak el al. \092*,h)- The crtlciency of each re. 
action is normalized to the internal competitor. 
a irnnwn amount of internal competitor can be 

anra\j rnc« noi wj *?c:frT 7nn7/cn/7T 
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odded to each sample. To obtain relative oiuml- 
ration, the unknown target PGR product is wm. 
pared with the known competitor K":u product. 
Success ufa quantitative coinpciilive PCU assay 
relies on developing an Internal control that am- 
plifira with the same efficiency as the imgi'l mol- 
ecule. The design of the conipctltui and the vall- 
aaiton of amplification efficiencies i enquire a 
dedicated effort. However; because Qf-KZR tlws 
not require that PCU ptoducls be analyzed during 
the lo$ phase of Ibc amplification, it is the easier 
of the two methods to use. 

Several detection system* uic u>ed for quan 
Utative PCX and RT-PCtt analysis: <1) agaroses 
gels, (2) fluorescent labeling of 1*CH products and 
detection with laser-induced fluorescence using 
capillary electrophoresis (hascu et al. 1995; Wil- 
liams ct al. 1 996) or acrylaiutde gel*, and (3) jjluie 
capture and sandwich probe hybrid toil lot i (Mul- 
der e.l aL 1994). Although these method* jmiv«*J 
successful, each method requires post -I'CU ma- 
nipulations That add Time to the analysis and 
may lead to Jubuuituiy * on lamination. The 
sample throughput uf these method* i> limited 
(with I lie- exception of the plnlc capture ap- 
proach), anil, therefore, these methods, are not 
well suited ft" u.so demanding high sample 
throughput (I.e., screening of large numbers of 

bint Molecule* iff aualyz-ln^ sample l\« diagxiu*' 
tics or clinical Iriabi). 

Here m* report the development of a novel 
assay for quantitative DNA analysis. The assay is 
based on 1he use of the S' ' nuclease assay first 
described by Holland et al. (1991), The method 
uac9 the .V nuclease, activity of 7Vi</ polymerase to 
cleave a noncxtcndlblc hybridization probe dur- 
ing the extension phase of I'CU. The approach 
uses dual-labeled fluorogenic hybridisation 
probes (Lec et al. 19i>3; Jlussler et ah 1995; Uvak 
et al. J$95o,b). One fluorescent dye serves as a 
reporicr |FAM (i.e., c5-carboxyfluorescein)| and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMUA (i.e., 6-carboxy-ieuamethyl- 
rhodamlnc). Hie nuclease degradation of the hy- 
hrldlxiitton probe releases the quenching of Ihe 
I'AM fluorescent emission, resulting in an In- 
crease In peak fluorescent emission at S3 6 mn. 
The use of a sequence detector (AUI Prism) allows 
measurement of fluorescent spectra of all 96 wells 
uf rhe thermal cycler contlnuotisly during the 
1*CK amplification. Therefore, the reaction* aie 
utonftored m real lime. The output data 15 de- 
scribed and quantitative analysis of input luiget 
I )NA sequences 15 discussed below. 
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RESULTS 



PGR Product Derealon in R«ai Time 

Hie goal was to develop a high-lh rough put, sen- 
sitive, and accurate gene quantitation assay for 
use In monitoring lipid mediated Uwapeu Tic- 
gene delivery. A plasmid encoding human factor 
VIU gene sequence, p!«8TM (sec Methods). was 
used as a model therapeutic K* IU1 - a5SH y llj;r * 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Alii Prism 7700 Sequence TVtcclor). Hie 
'lamiian reaction requires a hybridization jirnlir 
lalndcd with two different fluorescent dyes. One 
dye is a reporter dye (I'AM), the otKcr is * quench- 
ing dye (TAMRA). When the proln: \s intact, fluo- 
icsccnt energy transfer occurs and the reporter 
dye fluorescent emission is ubsorbed by the 
quenching dye (TAKfRA). During the extension 
phase of the PCK cycle, the fluorescent hybrid- 
ization probe Is cleaved by the S'-T nuclcolylic 
activity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission Is no longer 
transferred efficiently to the quenching dye, re 
sultinK In an increase of the reporter dyu fluores- 
cent ciiiUatc»ii upeCtro. PCR primers and pruburt 
were designed fc»i the human factor VJll se- 
quence and human p-actln gene (as described in 
Method*). Optimization reactions were per- 
formed to choose the appropriate probe and 
magnesium concentrations yielding the hiK^i 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Inatrumonl uses a 
charge-coupled device (I.e., CCD eaincnO for 
measuring the fluorescent emission spectni from 
, r ,(K» t«i G$0 nm. Kach VCA\ lube was monitored 
setpjentially for 25 msec with continuous moni- 
torinje; throughout the amplification. Uach lube 
vrofl re-exani ined every B.5 sec. Computer sofi- 
wnre. was designed to examine the fluorescent bv 
tensity c#f both the re-imrter dye (PAM).and 
the quenching dye (TAMRA). The Ituorcmnt 
intensity of the quenching dye, TAMUA, changes 
very little over the course of the PCR ampllfl* 
cation (data not shown). Therefore, the intensity 
of TAMUA dye emission serves as an internal 
standard with Which to normulbse the reporter 
dye (FAM) emission variatJons. The software cal- 
culates u value termed AKn (or using the 
following equation: ofcn - (Un J ) (Un"), where 
Kn 4 . emission intensity \>t reporter/emission in- 
tensity of quencher al any given time In ft rcac 
riou tube, and Ru r- emission intensility of re- 
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poncr/cml&ftcyn Intensity i>f qucnclier measured 
prior to I'CK iimpIUication in that same reaction 
tube. For the purpose of quantitation, Uic I*m 
three data points (ARns) collected during the. ex* 
tension step for each 1 J CK cycle wrrc analyzed- 
The nucleolytic degradation of the hyuridjy.*tk>n. 
probe occurs during the extension phase of I'tJt, 
and, therefore, reporter fluorescent cnuaMun in- 
creases during this time. 'Jin: tluee data points 
were averaged for each K-H cycle and the mean 
value for each was plotted in an "ampllHcatton 
plot" shown In J'tyure 3 A. The AKn mean value is 
plotted on the j^axis, and time, represented hy 
cycle number, is plot tad on tliv*-axi*. During the 
early cycle* of the VCil amplification, the ARn 



value remains at base line When sufficient hy- 
bridization probe has been cleaved by the Ttu) 
jxilymcrose nucleate activity, the intensity of re- 
porter fluorctccm emission Increase*. Most \>C\\ 
auiplifk-Miniis reach » plateau phono of reporter 
fluorescent cmifiston If the reuclitm Is carried out 
10 high cycle iiurnK'is. The amplification plot \U 
examined eaily in th« reaction, ut a point fhat 
iupicscnts the log phase of product accumula- 
tion. This Is done by ussignlng an aibiUaiy 
threshold tnai \n based on the variability of the 
base-line data. In Figure 1 A, the threshold was set 
at 10 standard deviations above the mean of 
banc line emission calculated from try den 1 lo 1 fv 
Once the threshold Is chosen, the point at which 
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Figure 1 PCR product detection in real time. (4) The. Model 7700 netware will consiruct amplification plots 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined 1rom the data points collected from the base line of the ampiiflcauon ploL C, values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times ine 
Standard deviation of the base line). (S) Overlay of amplification plots of serially (1:2) diluted human genomic 
DNA samples amplified with p-actin primers. (Q Input DNA concentration of the samples plotted versus t T . All 
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the amplification plot crossed the threshold is-clc 
fined as C r . C r is rc|>oiteti as ll\c cycle number ;H 
this point. Ar will be demonstrutud) the CI, value 
Is pietlicdve of the quantity of input target. 

Cy Values Provide a Quantitative Measurement, of 
Input Target Sequences 

Figure 1R shows amplification plots of ]£»<drffcv. 

eul PGR amplifications overlaid, The Amplica- 
tions were performed on a 1:2 serial dilution <uR 
human genomic DNA. The amplified target v^u 
human p actln. The amplification plotK Hhifl to 
the right (to higher threshold cycles) as the input 
target quantity is reduced. 'ihis is expected he. 
rouftq nwetlonf? with fuwer starting rnpim of the 
target molecule require greater amplification to 
degrade enough probe to iittaln the Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the G r values. Figure 1C represents the 
C n . values plotted versus the sample dilution 
value. Each dilution was amplified in triplicate 
VCM amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C T values decrease linearly with increas- 
ing target quantity, Thus, O r valuta can be used 
as a quantitative measurement of the Input target 
number. It should be noted that the amplifica- 
tion plol for the 15.6«ng sample shown In Figure, 
lfl does nol reflect the same fluorescent rate of 
increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves imdpoim pla- 
teau at a lower fluorescein value than would he 
expected based on the input DNA. This phciiom. 
cnon has been observed, occasionally with other 
samples (data nol shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under Investigation. It is important to note 
that the flattened slope and early piatcau do not 
impact significantly the calculated C, value as 
demonstrated by the fll on Die line, shown in 
Figure. 1 C All triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > 1 00,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range. oi iluorcsccnt In- 
tensity measurctnfcm of i he AIM Prism 7700 Se- 

anwv 



KlAl ItMl ouaniiuuvi k:k 

merits over n very ktrge r;mj»«« of rfUHve start tnp, 
ta r^c»t quantities. 

Sample Preparation Validation 

Several parameters influence the efllclenry ,,f 
PC'.R amplification: magnesium and salt conceu : 
notions, reaction conditions (i.e., time and tem- 
perature), PCW target size and composition, 

primer sequences, and sample purity. Ail of The 
above (actors are common to a single PCK assay, 
except sample to sample purity, in an effort to 
validate the. method of sample preparation for 
the tacior VJ11 assay, PCK amplification reproduc- 
ibility and clflciency ol JO replicate sample 
]>ri'j>a rat ions were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quamltalcd by uit/avlolcl spectroscopy. 
Amplifications were performed analyzing p-aciln 
gum: content in 100 and 25 nj; of total genomic 
UNA. Each PCJR amplification was performed in 
triplicate. Comparison of C r values for each trip, 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table. 1). Therefore, each oi the triplicate PCM 
amplifications was highly reproducible, demon- 
strating that real time PCK using this instrumen- 
tation introduces minimal variation Into the 
quantitative PCK analysis. Comparison of the 
mean C n values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-acOn gene quantity. The highest C. T 
difference between any of rhe samples was. 0.S5 
. and 0.73 for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sample, exhibited an equivalent rate of fluoro 
cent emission intensity change per amount of 
l>NA target analysed as indicated by similar 
slopes derived from the sample dilutions (Fig. 2). 
Any sample containing an excess of a i'CX inhibi- 
tor would exhibit a greater measured 0-actin G r 
valuc for a given quanUiy of DNA. In addition, 
the inhibitor would be diluted along with the 
sample in the dilution analysis (l-itf. 2), altering 
the expected C r value change. Each sample am- 
plification yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible wI1h regard to 
sample purity. 

Quantitative Analysis of a Plasmid After 

7ncrt no/ aha wj «c:irT 7nn7 /cn/7T 
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Table 1. Reproducibility of Snmpk Preparation Method 



Samplo 

no. 



1 



a 



10 



Mean 



100 ng 



standard 
m^an deviation 



CV 



18.24 

18.23 

10.33 

18.33 

18.35 

1ft,14 

18.3 

18.3 

18.42 

18.15 

18.23 

ia.32 

18.4 

18.38 

18.46 

18,54 
18.67 
19 

18.2B 

18.36 

•\&S2 

18.45 

18,7 

18.73 

18.18 

18.34 

18.26 

18,42 

18.57 

18.66 
0 10) 



1 3.27 0.06 



0.06 



18.34 0.07 



18.23 o.oe 



IBM 2 0.04 



18.74 0.21 



18.39 0.12 



18.63 0.16 



1B.29 0.1 



1 fi.SS 
18.<12 



0.12 
0.17 



0.32 
0.V 
0.36 
0.46 

0.23 

1.26 
0.66 

0.55 

0.6S 
0,90 



25 ng 



>«.. . «. * • 



20.48 

20.55 

20,5 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20-38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20,73 

20.65 

20.96 
20.84 
20.75 
20,46 
20.54 
20.48 
20.79 
20.78 

20.62 



mean 



20.43 



20.73 
20.66 



standard 
deviation 



20.51 0.03 



0.11 



20.54 0.06 



0.05 



20.73 0.1 3 



21 .06 0.03 



20.6S 0.04 



20.86 0.12 



20.51 0.07 



0.1 
0.19 



CV 



0.17 
0.54 
0.26 
0.26 
0.61 

0.15 
0.2 
0.57 
0.32 

* 

0.16 
0.91 



(or containing a partial cDNA for human factor 
Vlli; pl*8TM. A series of transections was act 
up vising a decreasing amount of the plasirud v (40, 
4, (1.5, and. O.I u,g). Twrmy-four hours poM- 
tninsfertion, total DNA was purified from c:ach 
flask uf crib. p-Aclin ^rnc tjuaulUy was ehusei i as 
a value for norma li^atlwn of Kviiumii*. DNA con- 
centration from each sample. In tills expeiimcnt, 
0-acrin gene content should remain constant 
relative to rural gvnuiJiic DNA. Figure 3 shows ilje 
result of the p-actin DNA measurement (100 
total DNA determined hy ultraviolet spectros- 
copy) oi each sample. Kach sample was analyzed 
in triplicate and the mean p-actin Gr values of 
the triplicates were plotted (error bars represent 

ffwiiflffi HtAMaimni '1 h#» hlnttpsr «iifforrnrr* 

o 7 a ra» 



betw<H j .n any two sample moans was OMS C n Ten 
nanograms of total DNA of each sample were also 
examined fi>r 0-**cUn. The results ufcum shuwed 
that very similar amounts of genomic 1>NA were 
present; the. maximum mean [i sctin C;, value 
difference ws.s 1.0. As l : igurc 3 shows, the rate of 
p-actln C,- change Ixrlwcen the 100 and 10-ng 
samples was similar (slope values rangu bwtwoon 
3.56 and "3,45). This verifies agoin that the 
method of .sample preparation yields samplo* of 
identical PCR integrity (i.e., no sample contained 
an excessive amounl of a PCft inhibitor). How- 
ever, these results indicate that each sample con 
tained slight differences in the actual amount of 
genymlc DNA analysed. Determination of actual 
«enomk ON A concent ration was accomplished 
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Figure 2 Sample preparation purity. 1 he replicate 
camples shown In Table 1 wore also amplified In 
tripicate vising 25 ng of each DMA sample. The fig- 
uie shows die input DNA concentration (100 and 
25 ncj) vs. C, In ih#- lignr*. ihe 100 and 75 ng 
points for each sample are connected by a line. 



by plotting the mean fi-actio value obtained 
for each 100 ng saiUplv vm a p-aciln standard 
curve (shown In Pig. 4C). The actual genomic 
DNA concent ration of each sirmpU:, tt 4 was ob 
tallied try extrapolation to the* X'Uxi*. 

Figure 4A shows the measured (t.u., nort- 
I10fITJfl1l7.ed) quantities uf factor VJ)J plasmid 
ONA (pMJTM) from each of tlu: four transient cell 
lr<fiisf*cUom. Each reaction contained 100 Off of 
total sample DNA (aa deter" uncd by UV spectros- 
copy). P.ach sample was uualyzed in triplicate 
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21 
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i 
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Figure 5 Analyst uf liansfected cell DNA quantity 
and partly. I he DNA preparations of the four 293 
cell transactions (40, 4, 0.5, and 0.1 >acj of pF8TM) 
were analysed for the (S-actin gene. 100 and 1 0 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transacted, the 0-actln 
C 7 values are plotted versus the total Input DNA 



PC.U amplification*. As shown, pPBTM purified 
>h.uic Jbc 20H cells decreases (mean G, values in- 
CTVttvu't; with decreasing amounts of pi asm Id 
aruitslracd. The mean C L values obtained for 
pFfcTM -in Tlgurc 4A were plotted on a standard 
curve comprised uf set hilly diluted pKHTM, 
shown .in figure 4R. The quanUly uJ pl«HTM, b, 
found in each of the four transections was de- 
termined by extrapolation to the x axis of the 
standard curve In Pi$ure 4R- These, uncorrected 
values, b, for pKHTM were normally! to deter- 
mine the actual amount of pi'8'lM found pur 100 
rig of genomic DNA by using I he equation:. 

b x 10 0 lift actual pI-errM copies i>er 
" T 100 ng of genomic DNA 

where a actual genomic DNA in u sample and 
b pPBTM copies from the standard curve. The 
nocmaJir-cd quantity of pt'8TM per 100 ng of ge- 
nomic DNA for each of the four i ransfer.Hons Is 
shown In Figure 4JJ, 'n«eae roulh .show mat the 
quantity of factor vm plasialU associated wiili 
the 293 cel).H, 21 hr after transfvetum, dei.ie.JSes 
with decreasing pia^mtil uiut-wnLiatiou used in 
the iraiisfccnion, nic quantity of pl ; «TM nssod- 
atcu Willi 293 cells, after irunsfcctlon with 40 pig 
of plasmid, was 35 pg p^?r 100 ng genomic DNA. 
Tills results In -520 pi as mid copies per cell. 



DISCUSSION 

Wo have described a ncw.iuethod for quantitut- 
iuft gene copy numbers using rcAl-tlmc analysis 
of PCJR amplifications. ReaMlme PCH is a»mpa!- 
ible with dthtiT of the two PCK (KT-PCR) ap- 

pruacheM (1) quantitative cpn»r«=ihivt; where &i\ 
Internal competitor for each target sequence i^ 
used for nonpaJiKatlon (data not shown) or (2) 
qu a i u i tauvc comparative PCH using a uouiudiz<i- 
tfon gene contained within the sample (i.e., p-ac- 
tin) or a "housttkeeping" gene for RT-PCK- If 
equal amounts of nucleic ucid are analyzed for 
each sample and if ihc amplification cffitir.m.y 
hefcjre quantitative analysb is identical for each 
sample, the Iruenial conluil (iioj-mali^dioii gene 
or competittJr) should give equal i«gnab for alJ 
samples. 

The real-time PCU method offers several ad- 
vantages over the other two methods currently 
employed (see Ihe Introduction). Mrst, the real- 
time PGR method is perfonncd in a doscd-tube 
system and requires no pwt-PCR martipulation 

•? r» /> <7 rs n t o*.o ttt/.t r\r> • o t t r\e\ t /n n / t t 
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Figure /I Quantitative analytic of pF8TM in transfcctcd cells. (A) Amount of 
plasmid DNA used for I he trunsfection plotted against the unsun C, value deter- 

m rov^j f ° r T r8 ™ rcmaW,, 9 nr *Hcr transection. (0,0 Standard curves of 
pf-ftlM *nd 0-acdn, respectively. pfJJTM DNA <J) and genomic DNA (Q were 
diluted CArialty 1 ;S bsfor* amplification with the appropriate primerj. The f*-actm 
standard curva wav used to normalise the results of A to 1 00 ncj of genomic DNA. 
(0) The amount of pF8TM present per 100 ng of genomic DNA, 



of sample. Therefore, tin- potential for rCR con* 
lamination in the laboratory is reduced because 
amplified products can be aualyred and disposed 
of wit lum i opening the ruction tubes. Second, 
this method suppoi U the use of a iiorm-,iliy.atk>M 
gene (Lc, P-actin) for quantitative. PGR or house- 
keeping genes for quantitative RT-l'Cll controls. * 
Analysis is performed in real time during the Jog 
phase of product accumulation. Analysis during 
)uk phase permits many different genes (over a 
wide input target range) to be analyzed simulta- 
neously, without concern of reaching reaction 
plateau at different cycles, This will make lmiJlI- 
gene analysis assays much casta to develop, be- 
cause individual interna) coiitpellluis will not be 
needed for each gene under analysis. Third, 
sample throughput will imiease dittriialicaUv 
with the new method because there is no post- 
1»CR processing time. Additionally, walking In a 
"6-wcll format la highly compatible with auto- 
mation technology, 

The real-time PCR method is highly repro- 
ducible. Replicate, amplifications can be analyzed 



for each sample minimizing j>otcntl«l error. The. 
system Jill own- i*ot a very large assay dynamic 
range (approaching 1,000,000- fold Marting tai- 
got). Ualng a standard curve for the target oi in- 
terest, relative copy number values can be dclcr- 
mlnccl (or any unknown sample. Fluorescent 
threshold values, G rj coueJair. linearly with rela- 
tive DNA copy numbers. Real time quantitative 
KT-rCH methodology (O'lbsofi et al., this Ixsuis) 
has atoo been developed, finally, real Ume quan- 
titative I'CK. methodology can be used In develop 
high-throughput screening assay* for a variety of 
applications [quantitative gene cspiea&iou (KT- 
rCR), gene copy assays (Mcr£, I11V, elC.)i gcm> 
typl n 8 (knockout mouse analysis), and Immutio- 

penj. 

Real-time PC-U may al*o he performed using 
intercalating dyes (Hlguchi ci ul- such as 

efJvidiurn bromide. The fluorogenic probe 
method offers a major advantage over inter- 

■ 

calating dyes— greater specificity (i.e., primer 
dimvrs and nonspedflc PCR products are not de- 
tected). 
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METHODS 

Generation of <t ftosmid Containing a Partial 
cDN A far Human Factor VIII 

Total RNA was harvested (UN AkoI U from Td Ten, Inc., 
fTJCnclswood, TX) from wife l»*n*rccled with a factor VII! 
expression vector, pClS2.lkfc.M J (Koum vl hi. Cor* 
man cl al. 1900). A fjietor VIII partial chNA spmieucv WAS 
ri ciu.Tatca by in* K3t KlfiioAmp W. iTlh UNA WJl Kit 
(pan NtfC2K-ui79 / l a £ Applunl tsiosysicms, Itaiui <Sty, CA)j 

using the l»c:n primers Wtfor mul 1-*flrev ((trimi* sequences 

are shown below). Tltt' ampllcon was reamp lifted uslnj; 
modified I'ofor and Wrcv primers (apix-mli'd with iiwwlll 
and Hmdlll restriction site sequences hi Uiv V ml) ami 

Clonal Into jXiKM- 3Z (Promt^u CUnp., MimwOii, Wl). The 
result Infcckme, pPSTM, was used lor transient transf colon 
oJ* 293 cells. 



Amplification of Target DNA anil Detection of 
Ampiicon Factor VIII Plasmid DNA 

(pKHITvi) was amplified Willi ihv p*imt-i» ftifor 

(rr(K;<^\Ac>Au:njAtx;icnW3* and p&rev .v-aaacct- 

tuOCCrrOGA'JX«i rAOCi-3'.11ic rvncllun pioduved ti <I22- 
»t':K product. The forward primer was (leaned tu kv 
ojpilxe u unique Mi|in*i«v f«mnd In the 5' untranslated 
rejpou of tliu paicriU uClS2.o\Z5)> pkwiiid and ihuicfore 
tlovs not HVUKnUu amplify ihv human foetnr VIII 
gene* l'fimnrc woro chosen with the a*si*t«utr<» of I he* com. 
pulcr program DHgo 1,0 (Kuinmul ltUwcionccs, lne*# I'ly. 
mouth, MN). The human p-aciln gt»no whs amplified with 
the orimers p-i«lm forward primer TCACCV.1AC'.A< TI CT 
GCCCATOWCttA-.V and P-aclin reverse piimer V.C !Af !- 

CGGAACc:crrr<:ArK;c:c^A'j:CG-3'. The reaction pro- 

Cluceo a 295- np vCm prcxluct. 

Amplification reactions (SO uJ) contained a UNA 
sample, I0x PCH Huffisr II (6 p,|) # 200 tow dA11\ dCTl\ 
dGTP, and 4(H) p* dUTP, A mu MgCI 7f ].« Unhs Ampll 
7<#c/ DNA poiymcxasc, 0,5 unit Amperage uracil tf-fily- 

uimvIum' <UNC), 60 pmolvof each faciei Vlll |trlmct, und 15 
pinole of ttudi p *e.tln pilmer. Tho icaetluiw, aUo tamtalucd 
Otic Of the following detect kill proles (HMJ nu erirh)j 

j'8i»r«»i»e A , (rAW)Ac:crrcrrc:ciAt:r:rrcicrH , <rrrr<:TCT- 

G CCTT(TAM RA )p 3' «ud p-actiit urobc 5' (TAM)ATCf.^:c:- 
XCrAMKAJCCCCCATCCCATCp-.T where p indicates 
phosphorylation nnd X indicates a linker arm nucleotide. 
Reaction luhes wen.* MicmAmp Optical Vuhcs (part AUffl- 
IjcrNkOI OO.t.l, PcrkJn Ulnier) Uiai wore f rutted (at IVrWn 
Hlnter) to |>ix*v«-nl light from reflecting. Tube cap* were 
similar to MitToAntp c;nj« l>ut specially designed to pre- 
vent light scat lvrhig..AII ot 1h<> l»<:W iUffiHumhlllv* wcttf t^iy»- 
plJcd Ivy PK Applied lHo6y#tent9 (|i«»lor C!l(y, OA) except 
the racior VIU primer*, wlilcH wcie symheslxrd nl Cenen 
lech, hie. (South f»an Pranclseo, CA). Ptohev wm- designed 
uMng the Oliyo ^.(1 floflwarc, following guidelines* 

^csie<i in tnc Motld 7700 .sequence Dcieetur Imtuuiiefil 
manual. Hrlcny, prubv T m &}mmiU1 lie al least $ U C hlfthrr 
Ulan die amu-ullu^ leuipt-ialurc uacd during; Ifirrmai ey- 
rlttig; primers Should jiol fouii M«iIjIv duplexed with the 
probe. 

'Hie thcruni] 4'yrllng cundttlom Included 2 juIji at 
50 v C and 10 niin al 95"C. 'Ilicartitial cycling proceeded with 
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reactions were performed in tho Modol 770W Sequence IV- 
tc^ior (l*E Applied Ulofsyvtvuiv), which conuLm a Gene- 
Amp H*:U Systvm P<»O0. kfca*:llon cvuitlition** W4«rf pro* 
RrutnuieU on .i IVvvvr MaciiiU»h V10(l (Apple C on mntPr, 

.Sonto Clara, c^V) linked dimily to the Model 7700 ft*- 

c|ucitw IXilffclor. An»ly«l» of dala wiu; hIku ju-Kncm^ on 
the W<^t lnto«h computer. f>>l loci Ion and aualyKlt; wiftwarc 
wiw UevcUifwl Ht IV. Applied lUosystuius. 

Traiwfection of Cells with Factor VIII Coiutrucl 

Pnur Tl 75 Hasks of 293 cells {A'WX: C:RL I $7%). a human 
fetal kidney suppention cell line, were gniwu to 80% con- 
llucney and Iranrfceted pl'tfl*M. Cells were grciwn in the 
following media: S0% HAM'S Wl without GMT, 50% luwi 
glucose IXiJlHjooo'a tmjdlfjrd Ka«le medium (UMIIM) with* 
enn fjlyrinu wiU) sodium bicarbonate, 10% ietal Uivine 
serum, 2 him u-KluUiriimr, and 1% penicillin-si rcptomy- 

tln. The media was changed 30 mln Mow the Iransfce 
Uon, plWM amounts of 40, 4, OS, and 0.1 u.|; were 
added to 1.S ml of a solvidon containing 0,125 m Cm0 7 ; 
and 1 x UWUS. The four mixtures were lcfl al rt>om Umm- 

pcrviurv (ft 1(J mln and Oieti iid<U-*l dnipwt.w to the cells. 
11 iv n*»k» wc t ini.uUilcd al 37°C*. and S% (XX fur 24 hr, 
washed with PUS, »ficl ra^u^pended ill PUS, The tvuna 
jA*ndi^l cells were divided into «ltt|uol» and UNA wa* cv- 
tnurted Imiuedlutdy usiiij; IhvQIAump KU«k1 Kil (Qiaj;cn. 
Ca«USYyvrtii, VA), HNA w»s e.luled Into 200 pd oi 30 t»u 
. Trls-IICJolplIftJ), 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISPS, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressive promoter, and (u) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISPS mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt- 1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitulively active glycogen 
synthase kinase-3/3 (GSK-3/3) resulting in an increase in 
/3-catenin levels. Stabilized 0-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (A PC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). A PC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal- related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn\ and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISPS, and a third related gene, WISPS. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 jig of poly(A)* RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 /xg 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP- 1 were isolated by screening a AgtlO mouse 
embryo cDN A library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WlSP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP -3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 jxM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Silu Hybridization. 33 P-labeIed sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-ampIified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzoi. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-mvc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<*ct) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W/SP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/ Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up- regulated approximately 3 -fold in the C57MG/ Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-l mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of *=40,000 (M r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2/4). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of - 27,000 (M r 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fic. 1. WISP-I and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A)+ RNA (2 jig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse W75/ > -7-specific. probe 
(amino acids 278-300) or a 190-bp WISP- 2- specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-l (A ) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains arc 
underlined. 

position 197. WlSP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-l. 

Identification of WISP-3. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-l protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
W1SP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
' human WISP proteins shows that WISP-l and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-l and 32% identity with WISP-3 (Fig. 3/i). 

WJSPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-l, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-l is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor* (IGF)- 
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Fig. 3. (>4) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-l and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues, PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-l has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is. involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 



14720 Cell Biology, Medical Sciences: Pennica et al. 



Proc. Nad. Acad. Sci. USA 95 (1998) 



analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WlSP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, o^ary, prostate, and 
small intestine. 

In Situ Localization of WISP- 1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-I was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1 1 WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 £-//). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 
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FiG. 4. {A , C, £, and C) Representative hcmatox yiin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression arc shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power {A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1* however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (£ and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-I is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6), The copy number of. WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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FiG. 5. Amplification of WISP-I genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with EcoRI (WISP-1) or Xba\ (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fio. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumorswith pooled DNA from 10 healthy 
donors. The data are means £ SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WlSP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISPS RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fio. 7. RNA expression in primary human colon tumors 

relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression o( WISP-3 ranged from 
4- to >40-fold. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
.Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations; 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through 0-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived, 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v 03 serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Writ-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-'2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-U the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and 0-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQK were dissolved in water, made isotonic with 
NaCl and diluted into RPM1 growth medium. T-ceil -proliferation assays were 
done essentially as described 2 " 1 . Briefly, after antigen pulsing ^O^gm!" 1 
TTCF) with tetrapeptides (l-2mgmr l ), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraidehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 u,Ci of J H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u,g TTCF with 0.25 jig 
pig kidney legumain in 500 u.1 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(N-glucosamine) 
EEDI and HIDNESDl, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate. pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 "C with 
5-50 mil mT 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgmr' o- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) In 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One Important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon turnout studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine -rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting ( Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL' (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6 ' 7 , Apo3L/TWEAK e,9 f or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and 
l.l±0.lnM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 pLgml -1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (A1CD) of mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 11 , activation 
of interleukin- 2 -stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the /V-linked glycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of pofy(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL, peripheral blood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding ! 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- ! 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes ,,, *~'\ Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at — lpLgmP 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL' 7 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Rgure 2 Interaction of DcR3 with FasL. a. 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFR1 -Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE. phycoerythrin- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
cell supernatant were immunoprecipitated with Fc-tagged TNFR1. DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated withTNFRl-Fc, 0cR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane. d. Flag-tagged sFasL was 
incubated with DcR3 r Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing OcR3-Fc 
and sFasL-Flag. e. Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR)' 8 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3-based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of I gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasU. 5 ng ml" 1 ) oligomerized 
with anti-Flag antibody (0.1 u.g mr') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl arid assayed for apoptosis (mean s s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a. in presence of 1 u-9 ml"' DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgG l (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and inter! eukin-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (P8S). human IgGl, Fas-Fc. or DcR3-Fc (10 m-9 mr'). 
After 16 h. apoptosis of C04* cells was determined (mean ± s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with 51 Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles), Fas-Fc (open 
circles) or human IgG 1 (triangles), and target-cell death was determined by 
release of 5, Cr (mean i s.d. for two donors, each in triplicate). 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG u *. 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f, g. h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n, o. p, q), one non-small-cell carcinoma (b). one small-cell carcinoma (i). and 
one bronchial adenocarcinoma (I). The data are means i s.d. of 2 experiments 
done in duplicate, b. Colon tumours, comprising 17 adenocarcinomas.Data are 
means i s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-held image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker T160. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 2 '. In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG\ which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF- family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. D 

Methods 

Isolation of DcR3 cONA. Several overlapping ESTs in Gen Bank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFRl, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL' (2 u.g), together with pRK5 encoding CrmA 
(2u.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl -Fc and then with phycoerythrin -conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express Utde FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S)cysteine and ( 35 S] methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (10u.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u,g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 u.g) (Alexis) was incubated 
with each Fc-fusion protein (lu,g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u-g) was 
incubated with buffer or with DcR3-Fc (40 u,g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6- ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u.1 aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti -human 



IgG. blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by | 
serially diluted Flag-tagged soluble FasL Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. ' 

T-cell AICO. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltcnyi Biotech), 
stimulated with phytohacmagglutinin (PHA; 2 p-gml -1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U mP 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4 + cells 24 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with 5, Cr-loaded Jurkat cells at an effector- 
to- target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of 5l Cr in effector- target co- 
cultures relative to release of 5, Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluororaetry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument ( ABI ). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM2l8xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from TI60, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 ' - ( FAM - AC ACG ATGCGTG CTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 UCT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous £ coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated With antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of 5. typhimurium and E. coft 1,3 "* is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity*, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet (p3 and 08-3 12) spans both arms of the L, with a domain of a 
a- plus p-type structure (pi, p2, p4-p7, oil and a2) on one side 
(within arm I) and a domain of mosdy ct-helices (a3-ct9) on the 
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Figure 1 Crystal structure of HisP. a. View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I. as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in "ribbon' and 'balf-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C. C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require ppst-PCR sample handling, 
thereby preventing potential PCR- product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661 -666, 1998. 
© 1998 Wiley-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et at.. 1 994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
thecritical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ C J 1 q 13), and erbB2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbBl proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et ai, 1992; 
Schuuring et al, 1992; Siamon et ai, 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Siamon et al. (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new genei since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et al, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et ai (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee. 
et ai, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM {Le., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nuclcolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e.. ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PGR amplification. 

The real -time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et ai, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors {myc, ccndl and er£>B2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous South em-blot data for the same 
samples. 

MATERIAL AND METHODS 

Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-rime PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starling copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3, in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et ai. 1994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed M N'\ and is determined as follows: 

copy number of target gene (app, m)*c, ccndl, erbB2) 

N = _- m 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et ai (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
ng of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primeT pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
10' 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCI 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min al 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbBl proto-oncogenes, 
and the p-amyloid precursor protein gene {app\ which maps to a 
chromosome region (2 1 q2 1.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene {alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/u.1. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 10 5 copies. 

Copy-number ratio of the 2 reference genes (app and alb) 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 5 (A9), 10 4 (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is. divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio- defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q21.2: alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et ai, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erbfl2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1.3 (mean 0.9l ±0.19) for erbBl. Since N values 
for myc. ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccnd 1 and erb/?2 gene dose in breast-tumor DNA 

myc, ccndl and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl. 1 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table IT represent tumors in which the ccndl gene was 
amplified 1 6-fold (T145), 6-fold (Tl 33) and non-amplified (Tl 1 8). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc. ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N > 5). However, there were cases (I myc. 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southem-biot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE 1 - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND crbB2 GENES fN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 






myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97 (89.8%) 
83 (76.9%) 
87 (80.6%) 


11 (10.2%) 
17(15.7%) 
8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA. which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et ai. 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a lineaT dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables Q to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C t value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disa vantage of real-time PCR, like all other 
PCR-bascd methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai. 
1996; Slamon et ai, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (i) Chromosome regions 4qll-qI3 and 2Iq21.2 
(which bear alb and app. respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et ai. 1994). (ii) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et ai, 1992; Borg et ai, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et ai ( 1 992) and Courjal et ai 
(1997). (iv) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 1 5- fold, also in keeping with earlier results (about 
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Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Til 8 (El 2, C6, black squares), Tl 33 (Gil . B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experimenL Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Bems et ai, 1992; Borge/a/., 1992; Courjal el et ai, 1996). Our results also correlate well with those recently 

ai. 1997). (v) The er6B2 copy numbers obtained with real-time published by Gelmini et ai (1997), who used the TaqMan system to 

PCR were in good agreement with data obtained with other measure erbB2 amplification in a small series of breast tumors 

quantitative PCR-based assays in terms of the frequency and (n = 25), but with an instrument (LS-5 OB luminescence spectrom- 

degree of amplification (An et ai, 1995; Deng et at, 1996; Valeron eter, Perkin-Elmer Applied Biosystems) which only allows end- 



CCND1 

Tumor C t Copy number 
■ T118 27.3 4605 
M T133 23.2 61659 
H T145 22.1 125892 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Hccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


Til 8 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


nn 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 






16.34 




125892 


125392 


3448 


7762 


7672 


316 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Hccndllalb) is determined by dividing the average ccndl 
copy number value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCft as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg el al, 1992; 
Slamone/a/.. 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
onco genes) in several tumors; erb&2 is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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